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PREFACE 


This hook lh Jin idiriNUsclory survey of the field of particle physics, 
ini■-iii!i^| f..r stiiitents and others who hiivi* a general Interst in 
I hr Mil.|rr|. It was (feve 1 oi>cd frniil notes fur a series of Fresh- 
■ imu Research Seminars ofFercrtl to Kimili group* of first-year 
students at Harvard University and the Massachusetts Institute 
nf TrdiiiiJogy when the author was Director of the Cm abridge 
Electron Amkrutor. The subject matter proved to be of Hi- 
ddi-niblr hdered to these students many of whom plan lu 
sTM’fijilizi- in other fields. Mast nf the freshmen Were well pre- 
11:iri■ 1 1 in basic physics amd mnttuHiialien. They were able to 
2K\x].ii smd discuss ihc bases of modern atomic struct iare and 
displayed considerable enthusiasm in disc unions of I be new 
concepts of particle physics, sudi :is strangeness and antimatter, 
I[i*wrver, they had not yet attained sufficient facility in mn [he¬ 
matics Lu appreciate advanced theoretical treatments of she field. 


ri rrrfarp 


Tli-- introductory chapter? have been expanded lieyond (he 
coverage nocessary for an mi-J% *hic!cmJ physics slmU-nl to provide 
sin fiderpiate background of those con re pis and physical laws 
developed in chi^sital and atomic physic* on which the structure 
oiF pzirticle physics is built. Thru- chapters can ho pmssril over 
quickly by the reader who hns mastered thisi- fields. For less- 
advanced students mid lor readers from other professional fields,, 
the- classical analugirs and the early work in these more mature 
He Iris will provide n hotter basis for appreciating the significance 
of the new concepts required in particle physics. 

This survey deals primarily with concepts and with the 
experimental observations which tnivc led In and which justify 
these concepts. Xo attempt is made to present theoretical 
derivation* nr methodology, although they have had n major 
Influence on our growing understanding of the field. Wherever 
11 n s;sii 1 1 |c p ] in we ver b cut i Ce p t s and eoi icluri on s cr lining f m jn succcss- 
ful theoretical advances an? described. The author accepts 
responsibility for any aWt,comings or nvcrrimpliru-alton* in these 
descriptions. Il i> also necessary to introduc e some of the new 
technical terms—ihc jargon of tin- field- which are essential if 
I he render wishes to go more deeply into the field. 

This book in not in (ended as a textbook for advanced 
students in particle physics; they w ill Fmd their own source a in the 
research literature. Detailed refcmices !■ • srnirce nmlcriftl arc 
deliberately omit led, Rather, U ih u limited survey nf the 
pertinent Foci*, lermumlngy, and concepts in lliis new field of 
basic research. FI mny In* of value 1 1■ beginning students and to 
teachers in other fields of science who want Lo know ^whul s 
going 01T' in this field, T 1 should lx p helpful In aecclcmtar 
physicists and engineers who build the tools and ilevies needed 
for high-energy research. For cithers* il! may give son tv feeling 
btr the mounting excitement uinrmg seietilists in the field + who 
sense h sign ifica til breakthrough in our understanding nf the 
part ides of nature in the not-too-di slant future. 


M. Stanley Livingston 
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chapter 1 


FRONTIERS 
OF SCIENCE 


THERE is is vankinti :i driving urge to explore the unknown. 
In patmuch of this exploration was geographical—t he 
searcli far new continents and new seas. In our grTierution the 
most diJkJlenjpng frontiers lie in Uie search for new knowledge 
:ihoilt nature and uliout man h and tin- lufrxt drum a tic progress 
hits been made on iJte frontiers of Hvienee. This cjnesl for 
knowledge through science has been gathering mmne-ntum fnr 
ecnhirirs, bill the pace Im.s increased enormously in Ihe past 
few decades, New knowledge gained through research has $tim- 
uhtted new im lustrum which have greatly expanded our standard 
iif living. ! I i.s no coincidence I h.- l t this burst nf activity in 
science h hs been accompanied by a techini!ogival revolution 
which lifts created a flood of new products rind tirw ch[kl! lilhk'v 
I hese new capabilities i ra turn* provide ihe scientific laboratories, 
with opportunities for further advances mid faster progress. 

Within our own lifetime® the whole expanding frontier of 
science and the related technologies lias taken fire We seem to 
have passed a enticed threshold T and our Hrii'iUilic-U'chnohs^icail 
society seems to have reached Hu .sin Ins oF a self sustaining 
rhnin reaction. Research i* .supported by massive government 
subsidies, rml only in naliniinl laboratories taut aJ.su in imivir- 
sities mil industrial laboratories, The process of TFScarchi 
inn.ovat.ioRp development .and production feed upon arid stimulate 
01 ic another. The time interval tx'lwwTi concept ion of a oew 
idea ami Ihr development of u uaeful product has been telescoped. 

Uasic re search has Ijccn Nw-epi up on the tide of this Iceh- 
iio3E>gir;:d revolution. The research fields which have received 
llte largest support un^ those with the most impressive apjiliczi- 
linos. The present broad program of research in biology and 
medicine h Justified by the dramatic Siifcfcesses im medical applica¬ 
tions, Hiidi ns the use- of the new wonder drugs in the control 
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of disca&e. Tlic rapid application of transistors to electronic 
devices and Lite growth of automation in industry have brought 
large h,u|jjHirt for basic research in solid-stale physics and in 
- lr i lrimU’-s. especially in industrial laboratories. The a ml inning 
mid expanding supporl for research in nut Ira r physics is rlcarly 
associated with the success of atomic weapons with their tre- 
imoidmis implications for defense and for nuclear power, t he 
space race started by the first liusdan Sputnik not only has 
-1 purred on tin* development of satellites and missile guidance 
sYOajvuit hut also has stimulated research in astruphyiaes and 
enlarged «mr scientific education programs;. 

Other fhdds of basic research that do nol have such obvious 
ini mediate application* to practical need,* have also prospered. 
The .search for new knowledge about nature and the properties of 
11 hi Her 1 1as paid aucli striking dividends in the past that invest¬ 
ments in basic research are recognised res csfienLial for future 
progress not only hy university scholars but alsu by government 
iillieiJils Many Bcicntisl* hold an almost mystical conviction 
that must scientific advances will ultimately contribute useful 
jiriHlucts to the benefit of society. BuU "u a broader level* 
many of Lliese basic research fields offer cl lallcngcfi which transcend 
tin 1 motivation of useful nt^s and have their mean mgs in the 
capacity for understanding by the human mind. To many 
research acl enlists* I lie intellectual challenge is- nuttkient sim-kiI- 
vutlon and new knowledge is a justifiealum ic 3 itself, 

Particle physics is one frontier of basic research which 
exeilrs a I reiui-mlou* intellectual interest* The purpose of sei- 
l- n List s in this \ i cl 1 1 is hi de ter mine the p Is y sic a 1 law s w inch p i vern 
tin formation of (lie basic constituents uf mat ter Hie protons, 
neutron** and civetrmas- of which ibis world is made. Particle 
physics is Lhc study of the origin and pmperbes of the nuclear 
force which binds prnluns and neutrons together to Form Hie 
nuclei of atoms. Il is 1 lie study of the properties of the Individual 
particle.-, a fieurch fur internal structure uf ii exists), a study of 
I lie many ways in which energy can con dense m the form of mas*. 


! Particle Phvfticn s I lit l!ip|i-Kiicr|fv Frontier 


A aflllsfflElory theory of the nuclear fortw would exp fain why 
n:il iire allows only ti few oT the many known kind* of pairfc h'U - 
tu be sHnhlc and why 1 hey tmvr I heir discrete values of mass. 

I lie challenge of l rial y undcndmifting this fiindiLanental lave nf 
nflllllv* nml bow this Jaw govern’! our ilielUtniI universe, is run- 
of the greatest inceiUivp* to I In'- human mind in nil hbtory. 

Hits research field has evolved from nuclear physics ns the 
energl-fes available from pfLrthdr accelera tuj's have grown Inrger 
am! larger. But it dfjdi wiLh problems <7 a more fund aruru ltd 
I'harm-ter. ParEirh- physics gmv. :t- fur beyond niR-lnir physic 
iih nuclear physic 1 ’ 11■!> gone beyond atomic physic*. Atomic 
physics denH with the rlcr-frunu" slrurtnn' nf nt"iiis anil with the 
electron* Ague tie or ^dhemical" forces which bind n\xum into 
muUculcs. These electnjnuigtii'l.jc forces vary inversely with 
IIh 1 >i [linre fjf the distance between the punjl leely charged nuclei 
Jim I the negatively charged dee Irons. Tin fn miliar visunli/Liimi 
o[ tin- idoui i- i riliniaiure Stlhtr sv^kmi with 11n- ourlrio ;l! th> 
center and a Hmirl «*f electrons circulating nroiimE ii in plimebiry- 
hke orbits. 17 the ntomic diameter were I mile, the nucleus 
would he nbout the .date of a, pea, ye I i r con tains ULI.& percent of 
tJic mass. Thi 1 force* binding aIoitim into umlrrideN come Inmi 
like aim ring of electrons in | he outer orbits. ami I their binding 
em-rgirs arc low. Hie burning nf i-onl release;- only ahrnil th# 
electron vcalfcji. iW) of energy per atom. 

I he nuclear force which Hinds protons and neiilroils so 
E igh L1 y s s a ciji 11 pic 1 el y different type ■ f F force. 11 is very s t rr mg 
at the splicings hj f nucleons within Hie nucleus mid yrl i* negligible 
■ 1 1 dis( niees id n fi-n nuclear r.nlu \ucb-nr funding eiiiTgie* Lire 
very large. The average energy ret | in red In scpnrate » single 
proton itr neutron frnin w nucleus is esIhaiI H million cicelmi] volts 
iMiA i, III million times greater Ilian the energy to remove an 
onl it electron frmu an atom. However, nuclei trrin hr disinte- 
gratcil when sllfftcienlly high-energy particles afe used ?ls pm- 
jeclilcs. such us those produced by purLicit arcidcrators in 1 lie 
energy range from I to sill MeY urlear physicist* have 
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learm I hu\\ lo ilia integrate essen!hilly nil of Mu- stable nuclei, 
forming (mw kind* •«f undid wHh HilFcfrnt tiumhm of protons 
■ i 11 1 1 iHMitriin.s. Many i if (hose new nuclei lire unstable and 
demy radinwih'ely, A great deal has Im^ci learned about the 
slnn-hire "f nuclei, Lheir intf-racLkmir, lurnKn# energies, mid 
i-scjitiiruiTi states. \Vr know many of I be cansci [uenees of the 
uuuk'iir T11r*"i 1 , bin we do ind know its origin. 

Minus i-iifnc in nil sizes, ranging from hydrogen 1 prnlrm 
hi Mu- nucleus i r " uranium prolmi.* mid i Mi nriilrori.sj. 
Mcdiunoweighl nuclei an- the mOrU tightly brtuncl and the most 
stable. Heavy tuicfrl like radium. thorium* and uranium are 
1111stable mil I decay rml inactively with the r mission uf a , d. 
nr id ray-; I lie (|uimtitirii wc observe in mi lure arc llic residues 
uf inueli larger arnfiuiits pn.uiii udien the earth was formed, 

\ few ^[n-i'inl heavy nuclei such ns and Plj : 1 are unsluhL 
in u dilFi ii-nl wny: when ji slow neutron he absorbed they hsaion 
ml.* iwn merlin i n-weigh I Nile lei with the release of I rciunidoiis 
energy a.s well as sevend extra neutrons, Tiie energy released 
fnuu i-'jji'll llssjrm |irui.Tss in an atomic lumih or in i§ chain- 
rc.it-l ing |.lli i> hot 'ihh Mi-V + nr iiholLl I Mt l V per pnrliele 
in I lie tiH elens, 

Aunt In-?' spi'tdnl type of interaction is the fusion of tight - 
weigh I nuclei such its IJ-, IM, and Li ' 1 into the more stable 
Ib~' nuclei plus efctrn lu-Li 1 mn. 4 k wilh (he release of several 
nnlltun eliudroii n.li^ pi-r pari tele. This hituimUmrj ts the suuroe 
of (he ejiifgY nl ,i-.rd in Lherini illtlelenr miction^ nnil I hr hydro¬ 
gen 1 1 > 11H 1 1 Inkhsi eotlfdy is HriU being iimk-rfiikcN liidlMCmiT 
methods for eimiri'lling I he production of power through the 
ftuiion of such light elriiicnls the production and control of very- 
high-lvi ripe rat Lire phi* ilijis is the most promising df-vvlopmeiit 
mL the present time. 

In nil of these pruci^M'K She relcawd energy t‘rnm i n from 
I lie e\i-i'.ss Iliads which b t rn us for mi-d inln energy, the product 
jmtllHea have less nui^s thim the primary pnrtiejes. We ean 
compute the energy release through itie Kinskiu rtpii vjdetiee 
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relation K - rcie a , This m am energy was, stored in ihrr heavy 
mji. li fc i and in the very Sigh I tulelei iji the form of excess mass 
hi rfie time ntir galaxy was formed st-vcrnI hill ion years ngo, 
Wp Lave learned how l.o trigger this energy relenae in chair? 
reacti u ns such ns lesion a mi fusion;; we hnvr learned how In 
"l-Lirij" lhe cxev&s muss, Hut wp have tint learned why nature 
hr haves in 131 i ^ way, Relatively, wc kaiow little more about 
Hlr- origin of this stored energy limn oiir prehistoric ancestor* 
kniMi JilKiiit the chemical laws pivcmiig the emission of heal 
wheri they burned fuels hiirli a^ wood nr com] 

I'urtieli- phyaicr (IhtiI with fchy structure and properties 
*.if lire iniclconB tbpniselVes. II is a, new field of science huilt 
im a od growiJig out of nuclen,r physics. The tools are mnlti- 
billbn-voll uc®dcrator? + \l the present time there is no known 
liiuik other than cost, to the energies which can he m Unified 
willi still larger acrvlemtors Hesenrch audent Isis: in the field 
are rl.11 miring Fur rtecelrraInr^ nf higher and higher energies, 
luid the Hisl rslimales fur Lhcse gigaalte machines are startling 
lo hud gel planners. J'.spcruj sen t s nl these energies also require 
large ami coaly equipment, such as liquiddiydragen bubble cham- 
hers,, 111Ft-ssive magnets for rim merit uni aimlysis, heavy shielding, 
ntn l fast computers Fur da l n analysis. The scab 1 - of the rquipmenl 
is hundreds r>f tines greater than For experiments in nimle;ir phys- 
iei- Jliulgcls for Pi'Henrch in ttii.s new held an* enormouscompared 
with 1 lie aef'epscaf budgets r►f a few dorade.H agu fur hash- research. 

I In- high-energy frontier has become the fiuancial-syppnrt fnm- 
tuer, [ amdoxietilly, the study uf l.lir smallest par heirs eii mil sir ■ 
requires the largcsl. anti most eusllv instruments. The closesL 
parallel is the held of iutrnphysicw—the froniier of the infiiiitcU 
large which ulsu requires massive and costly instriitiienhs such 
as rail to telescope and i Manned .satellites for spins- plural inn. 

Hh- smaller t he particles we investigate, and I lie deeper 
Wl pm lie inio 1 hese partiejrs, ibe higher are the energies required. 
A basic concept of I he quantum mechanics, which has been our 
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mast successful approac!) to a theory of mutter up to the presetil, 
is t(i?.i very high energies arc rissoGiated with very mui.ll dimen¬ 
sions, When a beam of high-energy jwfhhi* is use d as n probe 
for studying other particles, I lie detail which cun be rctfdvttd is 
defer nkilled by the associated wavelength of the parlich s afl 
it is for optical ifirfitmturiiiUi using visible tight. The tfe Broglie 
w rive length nf n moving particle varies in vrtsclv ivilh particle 
momentum. S«i the higher the energy, the shorter ii* the wave¬ 
length Jk-Tiii the sharper is the probe. Particle physlrs requires 
the u-se of very high energies and very .sharp probes. The Iliph- 
energy frontier in also the frontier nf Hie iniinil < .stninlly small. 

So practical applications nf particle physics can yet Ik- 
visinilisted or predicted wilh any certainly. In Lhis resjwH, 
.science fiction writers fire sEtll far uhe-inI nf research scientists. 
But Tin responsible scientist would at tempi to justify support 
for research in this field with prediction of an ‘ "anti-matter 
t-itgiin 1 4," or :t >iiifHT “iiLc.srm IhhilIi/ 1 .or k "hyper-dri yc m for spiU’t- 
ships. There ar^ nf oour.^e, many dgni Beaut and valuable 
by-products coming from I he demand for new trehnologicid 
product* and ill-vices. r I'111- scientific require tftetiIs for specialty 
in si rumcnls unci equipment with new capabilities present a 
challenge to industry to improve lbs products- Large contracts 
go to commercial engineering firms to develop 1 In- massive ami 
costly devices uvidvd for research in this field. Blit ilu* of 
Mjiin-ulF nf rirw twOi'ilngy is inhi-r.-til in many fields iiml t* mil 
unique to particle physics, 

Justificatinn for support of this new rewnvt'h held must 
Ik 1 found in the value In our society of this new Knowledge 
alxjut nature, ll is banfc re^arch, and the only product we 
can expect within our generation is this new know ledge. Now- 
ever, in the opinion of many qualified nbsefvpr*. we nrr at the 
ihfe.shirld nf a Mgitifimiil upward step in human underfunding, 
ji quantum jump in mir knowledge about nature of u mugiiilnde 
equi vale lit to those represented by I fir theory of relativity or 
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I hr develof orient of quantum mechanics, J Ilium Idy* l hr bnfjjii-t 
will Ik? fell, on a wry broad intellectual and cultural level. 
The frontier of hl^h energy and the infinites! ns ally sum LI is fl 
challenge to the mind of num. IT we ran ranch am! cross lliis 
frontier, our generation will have furnishi'd a sign!firstnI tom- 

in human history. 




THE 
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OVit KXPF.nti-:vf.!L is the Mwhoftvoviu would > find the early 
history of .sciencr + have predisposed scientist to search Fnr basic 
simplicities in nature, such ns n set of elementary pari irks of 
wlsiclj all compel 1 e systems are formed. The concept nf ato- 
iriicity h appealing- to the human mi rid. It was taught by the 
Greek jihi I ciphers in the fourth and fifth centuries b.c. l)emoc- 
rilu.% p|mured the atomic hypotteij Hus way: “The univerj^ 1 
consists of empty space nml m (a] mufti') infinite ninnt ht of 
indivisible and invisible par tin] tv. which differ from each other in 
form* position find arrangement. 1 This faith in the underlying 
simplicily and atomicity of nature has provided the motivation 
fur ornoy scientific advances. The develop men I of the atomic 
theory, from the early concepts of Dali ms and Mendeleev [a 1 Inl- 
modem formulations of the tpianliim i-Iectrodynjimies, lias jttNlf- 
iied this faith that nature displays order and structure. In I his 
tlevelapmml, the idmlifirnlmri of the elementary mnipmwnta of 
atonic was fin essential Sir*l step. 

TUB ELECTRON 

Faraday^ experiments mi the electrolysis rif m[in;r.ms solutions of 
chemical compounds suggested that electricity is atomic in 
nature, lie found I hat the am mint: of electricity needed in 
dejjosil I fijiuv wi -l iu.uk i of a chemical suh.s1.nncv was I hr 
fciienc fur nil univalent s n b.4 since s; this qiinriliiy of charge is 
known fiw l lie fnniday . F. I In- results implies] that ail elementary 
unil of electric charge ivns associated udh ejich rou in solution. 
Sidney in IB74 sugtfeated the name rf&troTi for this anil and 
calculated il_s miignitiide £ from the rough value available: ui limn 
time nf Vvogftdro s inncilut L\ ■ the number 1 i-f miikcuk^ 
per tool oh by the refills on F Xcf- 
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The phenomena, of electrical dipohargc iti rarefied gu^es 
also provider! evidence for ihe atomicity of electric charge. 
When a gtis h imclrjied in a glass tube with two electrodes to 
which ;ln electric potential is applied* the gas becomes luminous 
ami the spectrum of wavelengths emitted is characteristic of the 
gas. Al low gas pressures flO -1 mm Jig), the illumination 
fade* a way and a fluorescent glow appears on the glass wall 
Opposite the Cathode. When thc-KV rttihtitU nit/? Jtrr Cl-Hi mate-1 liy 
slits and their properties ^tuda-d, l hey are found to carry negative 
electric charge, to produce ionization in Hie gas* and to 1 k« 
deflected by transverse electrostatic and magnetic Fields. The 
most reasonable interpretation is that the catholic rays omsbl 
of negatively charged pari idea. 

The photoelectric effect discovered Hertz in |HhT m tiled 
more evidence. Herbs found, fpiiic accidentally* I hat the light 
emitted from one spark would trigger a spark between another 
nrarity pair of electrodes across which n suitable potential was 
applied, and he concluded that the etfeet was due in nil nivinlcl 
light falling on the cb'clmdes of the second gap. Further work 
hy others showed that ligfil releases negative electric eh urge 
from an illuminated metal plub-, w hirh can produce u [ontiniiOiis 
current in ll cloned circuit with a battery. Again it denied 
probable that electrified particles were being emitted. 

Still another bit of evidence cfljiii- from Zrcimui’x obs-rva- 
lions in that spectral lines are split into euitijMJNents when 

the -sourre emit ting the spectrum is placed in a strung magnetic 
field. Following a suggestion by LorenIz lie found that these 
components art- polarized along different axes. All bough the 
rhadcal I henry ustfd hyLdrentz to interpret the effect is no longer 
considered valid, il did include the concept of electrically charged 
particles moving in circular urbit* in the magnetic field. 

Fimil confirmation of the view ihat cathode rays consist 
of negatively charged particle* came vitli ,f. .1. Thom sum '.*1 
experiments n-n tin- properties of these rays in liH#T. In these 
experiment a wcEl-crAH mated beam of cathode ray s wa# arranged 
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to tmviTM j ii region of crossed Hecljrostifttic ami magnetic fields, 
mvh that the transverse forces on ESjc mrmtig piLrllelc.s due 
io Ifields were opposed and Mir- tici deflection was; kith, 
I'he electric Force is given by vK n ami Hie muum-th- force hy lin, 
'vb'n 1 r is particle velocity, If these forces are espial, we linvc 


fh * tier or 



(:2J) 


11lc magTi i links of the Belt! 4 provide a mentire of Hie velocity. 

Then* if llie mngnelic field is removc^h I In- di-Heetirnj of Llir 
Tk^lim rfiir to I he- In 1 1 nr lie-lit can he used Cocalculate tlm charge-tm 
iiijis^ ml in r. rrr of i In- particles, The transverse defied hm which 
is produced by the electric field is dim to no acceleration Kr ; m 
acting during a Lime / r, where f is I In- {engtli nf the region of 
Jcdfrdjtig fields or 



I he iirigiihir deMidiuij, which is tin measured ipmnlily. i* ;dsn 
givrfi hy 


tan tl 


.v 




These relations can be .solved for the ratio r m 


<? 
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>v_ tun { ) 
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I hi value inf ■ ttr found hy Thomson was ,1.1 X 1 n 1 f rsu, g arid 
Was independent of tin- material of the cathode, the ga$ in Ili>- 
discharge tube, or I he velocity of Liu- I wain It was uhoul IKihj 
lintcs larger than I lie * m fumnl for hydrogen ions in rh-ctfnlynirr. 
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indicating th tt\ the electron hml Ul»ss , , of iliilt nf I hr- 

hyflmpen imi, \l I ho won* I he same. 

All e sperm mips tl n^; t he defter Lion of charged pari idea 
in fli'i-lrii- mid magnetic fields have one limitation in omiuimn; 
llicv |trovidi ;< jiLiM.aure of the rutin r- m hut tin mil give i or w 
separately. \ different kind iff espm11 :mu( b needed Ln in ensure 
the charge of (lie elcoirnri Although the ennclusiniiii from 
Thomson'* rx]jeri 111 ruts were hard hi refute cm any lojpc&l 
grmimls the final proof of Hie jiiirtir-h- nature r ff electricity sliicI 
the ftfflt precise imasurvmini of the electronic charge came with 
the results of Millskmi T s oil-drop experiment in 1009. 

AEMhkjin'V e|jiiie experiiist-nL utilised the rale of hill in air 
nf I hie droph-Ls ul oil. In. which idee Stir charges had beets at tucked 
by ionizing the ji ir wilh g-mys. \ (“barged droplet, when viewed 
with n Piheru.seope, can W accelerated upward or downward or 
suspended by applying a vertical eledrostalic held, Willi M'f" 
fii-lif the drop will hill ai jl slow uniform thU 1 with Us wmglit 
iiEiluncerl Iiv the viscous drug at the surrounding nir< from which 
the ske and weight nf 1 he droplet can lie deh-rEuineil. With uil 
applied dee trie field to produce el ij additional force* ihc drop will 
nntve with ei different vdueiEy, The mi to her of uni! electric 
vhitrges on I lie droplet can be changed by an other pulse of x-ray*: 
in this cane Hie “dec Eric force \s different am I still other velocities 
are observed Uy u*mg the measured velocities of fall (or rise) 

;le i■-1 tin- ksjowii value* nf other fnhdriPiien!id cun-dan I* iincluding 
Mie viscosity of air:- p the charge on the droplet can Ik- determined. 
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Millikan found the values nf charge for eaeli drop lei studied tn 
be small integral multiples of a unit eWlrran charge His first 
reported value *d £ was Inter found to disagree with Ihat obtained 
from the analysis *d spectra Using ruled gratings. The discrep¬ 
ancy wns foilnd la be due to use id an erroneous value for the 
viscosity of hit: a more iK^aimt* votin' gave the charge to be 
e = q = -± 0.005) X lO" 1 * mi,* 



Fig. Will ftanV mi-dr ftp r^ptrim^ni for mttiiuring (hr 

trAar^ of fta 

Long before Millikan nmdr liiw definitive measurement of 
the unit charge* 1 lie particle nature -if the electron (md been 
accepted by most scientists. It became the lirst elementary 
partiide to be recognized, It was known to bn: a constituent of 
atoms, to lie the unit of charge in current electricity, and to bo 
the freely moving charged particle ubservid in rjtUtftdi- rays 
and in other electron beams. 

It now became evident that the mass of the atom was 
associated with the positive charge it contained, rather than 
with I he very light electrrms. Vhlion^h ft suh'Icm r atom model, 

with rings of rota Li tig electrons, La nil been proposed by \ agaoka 
early As SlKt-L it was discounted on 1 he basis of the chemical 
electromagnetic theory, which mini red fjia.1 such orbiting elec¬ 
trons should contirurally rfuliftte energy lieeause of their central 
acmler&lion and rapidly collapse into the central nucleus To 
avoid thid difficulty, J. J. Thomson proposed an atomic model in 
which the electrons were distributed symmetrically within a 

* In Jid md* r 1JT ifrtrJ din fk |r aymhnt nf (A* ^I'f/tiN pur hd* and <| fJ 

iltr mapnilnd* u/ i tr rhnrgr ar that oj uny uihrr finely rharytd paHiVir. 
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sphere mF positive charge having a uniform density. Although 
I his model was .subject to mathematical calculation of it* siability 
and structure, it could not explain the widr variety of alurnic 
phenomena known at 11 ml time. 

nati itu Jt uuou i n rrv 

The discovery at the turn of the century of natural radioactivity 
in the heavy ■HnurmU provided other insights into the -I rue Lure 
of the atom, Radioactive atoms were observed to transmute 



Kig, 2,-1 Di't'ti}f .‘if ftfl.I- mAow Stiff §rntrtk and rjWtrry 

ri/ /b'ij fi m fUi t.\ and ft a D, 


themsetvcn spmitjii tron sly into completely different elements, 
with llie emission of a particles, i.t particles 1 and ^ rays. The 
exponential law a which gnverH the dec uy mid growth of rad if - 
active substances were formdaied by Kulln rfurd and Hmldy m 
liPl^. ("heMaica l identifica'linn =T I lie parent and prod net ele¬ 
ment* associated with the different lifetimes established the 
decay sequences of three radioactive series, originating in tho¬ 
rium, uranium, and aciiniuttm The «s particles were Identified 
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a* |Ki.-ili iydy charged ianta of helium i they wettr emitted in groups 
having discrete ranges in absorln-rs and so presuiinlbJy hli ving 
discrete energies. The j purl tele* Were found In have n negative 
charge and lu lutvc an r in ratio identical with I hat of the dtic- 
trem. The y rays were observed to he eltM-i mmagnelic radial tons 
si mi]nr So x-fays of the Mime energy! Soddy mid olliors estab- 
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li.^hri! the i) inducement Uw; the emismin of an ci par tide results 
hi a producI atom which is displaced leftward by two columns 
in Ihi" Meticlelrev periodic table, while a particle cjiiise .1 u. 
dis]][n cement uf unis column In I In- right, The oh vinos inter¬ 
pretation w:m that alnum are not indivisible exilities hut are 
built up oiH of eointJicTt] ami elementary budding blocks. 

HuLhcrfiird rct^ngniEed that these o particle* were unique 
buds for further studies of ulunuc structure* Early iML-ctisiiri:-- 
rncnU of L heir deflections in muguetie field?, duiwei] . . groups 
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in have energies of several million efectpoti volts. Tliey could 
Im< rif'lectciL when observed with a microscope against a dark 
background. I lir-sitnh the ^intdlaLions produced when they slnirk 
it Ruan-acwnl screen. 

Studies. first hi Uutherfnrd mid (hen by Gci^r and Mara- 
den. nn (lie scattering iJ f ■' particles hy air and by thin foils of 
mica* gold* mid oilier materials, showed Llmt many were defied ed 
through Jingles greater than E>D J _ The imitilK'r of hirgc-atiglc 
scatterings was far in excess of thstl cnldikiLcd from the uniform* 
density sitomir model propsp^ed by Thomson, Itutherford pro- 
I n i-*ed in t LI 11 thiil 1 he posit l vt 1 charge of the atom w ns crom t u tmLed 
in n very Mimlt. rent nil nucleus wild aim wed hy rjilcu bilious ilmt 
this model could explain the ol^ervetf ] =irjE;^ anguljir ilt Hcdiohs of 
.t purl ides. Atomic dimensions had been established as of (he 
order of 10 " eru, which wns (he .size assumed Tur the Thomson, 
model; I he uilrhuis uf the Hutherford model must hnvr el diuim'lE-r 
of less 11 1 ■ l fi Hr 33 cm. 

Uisce the existence of a small* massive* positive nucleus 
had been established „ with mi array of electrons occupying 
» very much larger volume surrounding the nucleus, ii bctituu- 
noecssjjrv lo question the classical rteclminfignidu: theory which 
furlmde stable electron urhiLv The time was ripe for Bohr's 
postdate *■ *F stable, nonno 1 hiding orbit* mid for his micei^sful 
t heory - f f energy si ales and energy transition* which explained 
I he origin of abunic spectra (see < Tup. SJ), The Bohr atomi wrm 
tin elegantly simple concept* introducing some saik(yirLg]y siui- 
ph-—though tit thiil lime tmusuul postulates concerning the 
i|ii ii i l l Ejflit t im t c pf n. 11 guhir 111 on ten turn ami ciicrgy. Id ic sc ten tisTs 
fa]lh in the nlliuuite simplicity of nature m\*. rciifJirmrd 

I'tysnw K iuys ami till: fimms 

Speculation mi the structure of llie atom go fur buck into 
scientific history. As early ns \H\5. Prout suggested llml the 
primordial substance id u 11 element^ urr of hydrogen, 
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Th\* suggestion wa* ba.wd on evidence from chemical mt a lysis 
2iinj from experiments on elcctroly^i* that the Atomic- weights of 
many elenicnU are elose to iulegral multiples ofthat of hydrogen. 
W Lj an 111 (>rc ace li ratc 1 1rEe miinaEions sbowtil .sojne atomic weights 
that wete not iiiN-grid milltiples, Pronin hypothesis wa* aban¬ 
doned* only to lie: revived again decades later in a new form when 
llie non integral atomic weights were explained w isotopes Oce 
page 301* 

While I liouison ivi is studying the c-silhcidc ray^ (negative 
par tides I produced iri gaseous discharges, tioldstciii in i-HHfS 
observed \Uni 1 if the cathode of a discharge tube was pierced 
with small holes (canal*)* particles emerged traveling in the 
opposite direction whirls, when deflected by iinigrud ic or elect rie 
fields, proved to roii -,^1 of positively charged particles* These 
wvrv called rtittuf rut/# or positive my# , The magnitude of the 
t Ic fleet ions tlr glided on the type rif gas in llte discharge. The 
largest value of r m oWrvcd in these curly experiments was 
that for hydrogen, which was close lo the value obtained in 
electrolysis* These remits suggested that positive ruys un- 
.■streams of positive ions produced in tht- gii- by iuuitatiuti rmd 
lluil in the nf hydrogen gn.s they are hydrogen ions, Il i?, 
not rJi-ar al what point in this development the positive hydrogen 
ion was given the name proton, hul long before it ivka isolated 
and definitive measurements were made of ii.s properties, the 
proton becuinc an accepted concept, 

S’hum son measured tli* - e ! m values for positive itius in the 
His method wths 4 iTtfidificatioR of {sis earlier c\{HTi men Is 
on 1 he t' m of eh^Hmns, I iii- time using the positive ray? from 
a gaseous dtadlarge which emerge through u channel in the 
cnthodf* The beam of positive ion* was directed through a 
region af parallel electric- anil magnetic field*, transverse In Hie 
ljemn direction, and was observed on a iEmiresi- hiI screen lor 
pholographic ]]lute) in ihc evacualcd lube, The electric field 
produces a I nuns verse dcflcc Linn tj in uric coordinate I see 15 tp 
uiul the magnetic field produces a deflection z in the other 
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i-r n i n 1 i n ll tv . 1 liese d+? ilec lion a are projoe ted I i nea rly t* i t he photo- 
graphic plate where the beam produce* an image (mt Kig r £,£), 
The deflecting force mi ii particle of mass m and charge r dm- 
to the electric lirlrl i.s f>, and tliH-t due to I he magnetic field is 


Phi ituptat* 



l-'hz. 2.T* Th>m.imt*4 mntAmi nf jfQxiliVB^ray a no!yirht$ paratohr 

tmre* fur cus ft rut nr u/ */m. 

fftr, where v is particle velocity. The forces act for n time 
f = I j\ where / is the length of the region of lie Ids, Sims? 
F - mti and displace men L $ = Jfrf*. the transverse deflections 
are given by 






(£-V 


Tin- rchitirm ht Lwi . iL Ihe transverse deflections, is obtained hy 
tliminctl ing r from these equations; we find 



i&n 


where ( is a constant depending only on the geometry of the 
experiment. This is a parabola in the t/-z plane, A group of 
positive ion.H having tin- ftaim? r m lm\ different velocities) will 
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fEill on 3i piLfrihfrlir curve on 3hr photogniphic plate, Inti* with 
nth it Ytilms of r rrr will form puru Indie tr sicca displaced from 
the iir.^t fine, By a ^(emntic Htialysis of tin- rela hve positions 
rhf the various parabolic Lrnc^a no a serk-ii of plates, for different 
sonr^T gases, Thomson was able to identify and measure the 
Mm Li™ 4 rr£ values for many ions, such us H% 0 + (V, 

C31 ^ etc, 

Hydrogen is of particular interest since it in the fishiest 
o( nl\ element H, Its positive ion 1is the nucleus of the hydrogen 
nlxmi h with a charge H-efor +r/b The name pwtem hml bettt 
assigned lo this fund a men till entiiHEiloent uf alums. Although 
I he uiiipue character of l he dauicnl hydrogen hint hmg hem 
m-iiynizedi riiom^nn't, wt tidies of ihr pod live rays from ionized 
hydrogen gas were f.lie first esj^rimerits in which the prolan was 
isolated and identified as a particle. Tl became the second 
e lei nen la ry pur tide, 

.\.s.1 ri-ai extended Thnnssoirs rvperiiuenl> tnn oilier ga-^.-x 
lien Nfioti wim used as the smitce "f ions, Iwn pnnilmJiia were 

di.serml, line ..ling !r> the atomic wojghl Lli elIiiI a 

leh>, inlense miv of nlnmii- Weigh I -W. Xu element wan knuwri uf 
atomic weight iif, ImE the best value of atomic wdgbE for m-ou 
had been determined ns *0.50. This average atomic weight 
rc^iihs from a mixture of flfl percent rjf Hi percent of J» 

Uiis wa.H I hr tirst physical evidence for llic existence rtf imktpt'# 
of the m 11 ip ehemira] dement with different atomic weights and 
resolved tin 1 11 r>i-l 1 1i-tii of fmill b um! atomic weights wlm.ii ls:ul 
plagued lfaff chemists in their seardi for order in the periodic; 
table. 

I he modern instrunu-rrltf used for measuring I Ini' € m values 
{mid so Ihr in.tsicsj of posilive ions :i re railed w<j-v.* j/pt‘rtnt\fmph^ 
umi mu.^ ,vpwt.r*i}}idi r ni. They are also used for measuring 
ikitn|^Htbuailjifttt ratios, for identification of isotope*,. and far 
Hie mica] liiuilysh of gusrs fi-r vapor*. The umss spectrograph 
is an instrument which disperse* the ions of diffiTrnt t m vrdu.es 
and bouses them *m a photographie plate ns a luke ^h'lrinti 
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i'si ! r Fig, O). Tjie itiah" sprE-initm-ltT brings a fuelled brain ri-f 
Huts up a sjirri Mr r w value llimngli a fixed slit, where b i* dHrHi'rE 

Jim I 111 e^LMi m I idevlrivatlv; ihc flniilydng cketrie tind umwicIiv 

Hl-Il{s are varied hi study Ihr differeM iinus fx-v Fig €.7). 

The higbesiL pieekhui is nbtiiiiu-d by rJnsorving \hv aepjt- 
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rations nT nuts* i/oub/eto of ion* having the same integral value# nf 
f m Eiiii composed of different Urns. The his** of lln 3 hydrogen 
ftteun II L in a 1 11 m air- ium>s units (see t'lmp. 5i uun he referred 
l«> I tie ^tiiod.'ird value for n lf ' hy Lining three punitive km 

doulfrtft: {liy+ (IV) \ (RVr (C‘^)++, and ({ s,? H l i ) + (0 |B ) + . 

Ha* "li^'rvHjil doublet separations ears he writ ini ,'ls three airmil- 
lineuiis e<(tniliorts in ! I L , ll‘\ 0 ,3 * and (T 11 , from which solution* 
flre obtained for the three lighter atoms in terms of 0 11 ' I$.0000 
atomic mass units. 

The mass differences I>etween punitive ions of the light 
elements known in the IJHlis showed .-s ^tcplike progression up 
the atomic table in steps very rinse to 1 lie proton itiujss. II 
denied Hint nuclei inihl liave integral numbers uf pm ton 4, I m 1 
I hey must also include some electrons In glee the net nuclear 
charge in each case. For n time it was possible to conceive of a 
twu-par l ick model of the :drim m which the nucleus consist a of ll 
closely |nickvi.I assemblage oF protons and rtrrlron% with other 
oleelri>ii.> iiei i l 1 1 .uuio orbit-.. '[ lie detail* i.j-f this uompodte Uu cleua 
were not dear, hul the simplicity uf the two-particle ulmn wjijh 
appeal trig. 

Ml CLEAR I) I SI %T EGK ATI I IN' U* PARTICLES 

Itiithvrfnnl and Ids colleagues in the « 'sivnitfish Laboratory 
first observed the disintegration of nuclei of lighi element-* 
by a particle* in 191.9 as an escteitsion of their work on the 
scattering of a particles h\ nuclei. In measuring the range in 
gases of ei particles from till Hat' ^mrce, by varying gas pressure 
in the region between the source and k.li- hdiililUtlloti .screen, 
they observed that fr>r most gases the srinl ilkilmmi slopped when 
She gas |Treasure ivui equivalent to a range of about 7 cm in ntr 
al Edmuspherie pressure. 1 low ever, with nitrogen gsws* sem- 
i illations continued to pressures equivalent 1o u range of 41) cm 
in air, These long-range part ides which produced the ncin 
lillalimis were interpreted by ltulherFord to he protons, produced 
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hi n iliHiiilf^rckl iuii react ion. 

He 4 + N 14 ^ D IT + IV (£8) 

Tins result came in tfac same period whm Thom dun wu* 
measuring I hr f. m of proton* from gaseous discharge. II. added 
further evidence that the proton b a constituent of nuclei and 
one uf I hr fundamental particles. The Q L1 atom which Lhis 
diaiiiN.-griJ.Litm reaction predicts is an isoLope of the well-knuwn 
0'\ with :i nucleus having the Name number uf positive charges 
Imi wilh one higher muss nusiibr. This could V an additional 
pr-iion electron pair gt p as Rutherford suggested in his Rakerian 
liAt'lun 1 to I he [loyal Society in 1920, this could be a neutral 
h i.-ll «i y | ci rl ii le wilh ja mass approximately Ibni of the proton. 


I UK NEUTRUN 

Mitriy theoretical diffkuUio; anise in attempting to understand 
hmv elect rims could be constituents of nuclei. Jl \va_s difficult 
Eu relate the necessarily large binding energies of electrons in the 
nucleus with the extremely small nuclear dimensions. A snore 
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fundamental problem - rsine with the introduction of llm wavr- 
mcduirucal concepts r>f the symmetry projMTtie-; of particle 
wave fund ions and the sin titties of I In? fund :nrn’N Nil particles, 
which are discussed in t 'hap. S r _U we shall a bade conccpl 
ia that each particle has a?] intrinsic spin r which is one-h rdf uf 
the fundamental unit or quantum of angiiltir moil ten turn and 
which adds vecturially to give the total jnielrar augoW inornen- 
tum■ Nuclei with an odd mindicr of proton* plus chi i runs, 
each with half-integral spin, should result in half-integral miHenr 
angular mo men La. Jiut spectroscopic evidence, analysed quan¬ 
tum mechanically ;l shows Mint several .such nuclei have inte¬ 
gral angular momenta. A neutral parlicle with spin A would 
resolve both Ihis eoulmdidion imd also ninny other thcordieul 
difficulties, 

Ksqierimen tally, the idenliliejiLioJi nf it neutral particle wj m 
severely handicapped by the Mini tat ion I hat il would no I pro¬ 
duce ionization in giiscs as charged particles do and Mid it 
would ool In& deftected by electric or magnetic fields. During 
I hr tflSOs, many unsuccessful u 11 ■ -1111j 1 s were made to produce 
and observe a neutral |i;irlir-lr. The problem remained unsolved 
tiniil the early wmrk fin the disiTiIrgmtion of nuclei by .. parlidrs 
front radioactive substances provided the opportunity and the 
tools* 

Following llntherford's rrjjorl of the disintegration of N ** 
by a p nr l.i i.l vs. oilier experimenters. joined in Mn- a-l.mly of 
n particle c I ^integral ions of other light elcmenls. HoMiv and 
Meeker UHJfQj discovered Mml when Irn-ron and beryllium Were 
Ixonharded with polonium a part id erf. a highly penetmLing 
radiation was end I ted; Fur a tlnsc this wa.s Mionghl to he high- 
energy y radiation. Chad wide at the Cavendish Laljotulury 
studied ill is radial hm in more detaih in lOtti lie published 
evidence that it consisted uf neutral particles having a tubas 

siiiiiliLr t hj that of Mie proton, The proof cm .ihrougl.. 

ULi-nt uf 11 1 L" energy of protons ejected from hydrogenous malrriaU 
by Ibis rad la lion, which could only he explained if the radiation 
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producing the recoil prulumv had a mnss close to tintt of Urn 
pro to ei. These Mhwulbns were rapidly ran Hr run I liy other 
workers- Sr i I he neutron became thr ihinl elementary particle, 
rh ml wick next observed hydrogen ions recoiling from neutrons 
in a cloud chamber (set- Fig. 2.11 J. nmf from their ranges lie deter¬ 
mined the muss of I lie neutron lo be slightly frfeai.-r than L l:m t 
of the pruloJL 



nt'ulmn 

50 tl Pitt 
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I'tg- fllusiraft oji ii f t'himl-rhnmftf'T 

pfattftgm'pk *\f remit 10 n .t from nnrfron*. 
to rif/ irar-ta are prnftmt fnm Witt'r mptir» ami 
iff*' ft hurt, fame tnirk* drr . V 11 inns. 


The mtcli u* could now he conceived us -i rtc&dy packed 

■ i - . iidilu^- of 11 rnions and neutrons willi the ulumic elmr^e 
mimW-r / ^ivr-N by the number of protons imd thentoulie weight 
minil ht J by i lie iniid of protuns and neutrons. This ailraie- 
lively simple mndi'l of ft three-partieh 1 ji to»i + with a layered 
I-Irmd of clcrlron* out aide the nucleus, joined La answer all 
on I at uTi 111 nj 4 q nest i on s. r | lie \ h tee- particle at oi l i p ro v i de< I a 
model compatible uith Hohr'.s atomic theory, -m. Kiic-li: correlated 
atomic structure with the quantum theory of radial him sis 

■ h-velnprit by I'laiick jmd KinMidn, am! accounted fur many of 
l he pro per lies «>f ntaiiiir- dr in: lute. It seemed that il whs only 
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nec.cs^ry to fill in the details of ike structure of tile tttldeiiii. 
Mature wm indeed justifying llu- scientists" faith in lh> concept 
that nil 41 .Ionv k arc formed rjf n fnw clemen Ury particles. 

ST Hi INC \UCLE ill I IIRCF 

Ah atomic nucleus coin postal of pro Ions and ncutmnfi can he 
stable unJ y if there m m strongly attractive force between these 
particles. The electros bide force lie tween the charged pro I oris 
is repulsive urn] would tend to blow tin- made ns apart unless 
it were lii'hl together by some specifically nuclear force. The 
need for ‘niclii a nuc lear force was indicated by the conclusions 
from Rutherford's scat tering experiments which showed Unit 
Mae nucleus had sueh si mill dioituisiiMis* ami from bis dtsllilegm~ 
lion expert me id 5 , which mdiea led the oKtretneJy high energies 
required to trutmnjte one stable nucleus into another. How¬ 
ler, experimental evidence on the nature and strength »>f this 
filfee was not obtained until a much later dule. 

Sumc direct evidence 1 came from studies nf the elastic seat- 
tering of protons by proluus when particle a a* lerators were 
developed to produce I lie high-energy beams required. At 
rein lively low bombarding energies, where rhr ''closest d i s i t nee nf 
sipproatdi" calculated from the coulomb force between the electric 
charge is greater than about in - - 33 cm, the observed angular 
distributions in Hie i-3ujs 1 ic scattering were found to agree with 
I hose euleiiluhh- from the coulomb Force, which varies inversely 
with the square of I he distance of ‘iopuralmn. The atttpling 
coffttaiit used in such fudeufaiion* b Vrr" ''hr — x ^ 7 : this quantity 
is also known in ah.mifa physics ns the fine structure constant 
ami is cli$c u%m .*d further in Chap. !i. 

At higher proton energies* which cur respond In smaller 
values nf the mini mum separation, the shapes of the angular 
i IlsJ filiations nf ilii- sc.lI teml prillfrns duuige shjirply, indicating 
i lie onset of another lypc nf force which is attractive am] which 
varies uuR-b more rapidly with ili.sl mier, This lUldciir frrrr-e It 
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v:aU-nt la Lbe routumli force at rt range Mudf the separation) 

«i lilioMiI 1.3 ■ to- 1 * cm- This dbt&nrc has Heim used a* one 
dr fin i linri of ihe radios of I he pm ton. The nuclear coupling 
constant rci| Hired to describe the magnitude of Mac attractive 
f«>rc-L‘ at Mm* distance Ls about tOO times larger than the coupling 
cofistatil in tile eleetrrmiapnetic interHctfon* 

Studies of thi■ sraLtcring of protons by twulroiu ntid of 
iii'ii tmTi* I iv mm Irons show the same itiat^ni iijcfi.- of the nuclear 
furie rnnstjuit for the same separations. This strong nuclear 
fnrri- independent of the charge mi the particles. It applies 
i" i In ir sjievi In-ally nudes r i-haracler ml her than to their charge p 
and I In* two particles are identical in this respect- This equiva¬ 
lence Inis h-d to use oT the term irur/eow to describe both the pm ton 
jiiliI Ml- iu n Linn. The n lie Lear Force cannot readily be described 
as a fliluliuri iif dial jin re. If two imrierms arc "t a ucliing* 1 
Mi.-> hit strongly MlrucU'd, hut if they are separated by even a 
IV v nucleon diameters the force is essentially jscfo, Other 
pro perl it i N of l his strong nuclear force will be discus.^] in chapters 
10 follow. 




















































chapter 3 


QUANTA 
AND WAVES 
IN ATOMS 


TSTE IMNTTFICATION OV THE ro\ T RTITUE!tfTH of atoms WaS only 
a pin t rtf l lie much larger problem of developing ji satisfactory 
atomic theory. TW# development has paralleled I he experi- 
mental discoveries and the study uf particle properties* atid h-is 
IwiieJited in ji fundamental way from I In; theoretical progress in 
wuve mechanic* and quhtltutn mechanics. The era started in 
\lllit with Bohr 1 * i|uaritum theory of thr energy’ slates of clec- 
trons in atoms mid continued through the IU8O.1 with inUmjavr 
applications of (fuiiiif mii-iMi^haniriil theory to atomic problems. 
Il v I Fl-M t e’ssen tially al ] ■ if the major new ideas hint lnwii inlrodiicrd 
ami HssiiDi)mted inii*- die theory* In 1 ] 1 i,s chapter we will .survey 
1 his era ami describe the concepts which led to the modern theory 
r d the a I run. We start with a statement nf the hr 4 big problem 
tlie hlrrpret&ticm of the regularities, it nr I also the Complexities, 
observed by spectroscopic study of &bmic spectra. 

\TOMir SPECTRA 

V\ lien an det lrie discharge is [trussed through n gas nr vapor 
fro in t L vrilulile salt ami I hr light is dispersed by a prism or a 
grating spectrontelvr. a spec I rum of sharp lines ■ rf di*mdi 
wavi'leiipthfi called n ton no spectra is uhserveib fvirb uIihctyji 
lions were i« L|u- visible regiem of the spectrum, fl \vn> soon 
I'lumi thill I hr spec I m r\ tended into the 11 lira violet and the 
infrared regions to* well. 

Hie spectrum of atomic hydrogen is uf particular interest 
since it is the lightest uud simplest of I lie dements, The visible 
spectrum consists of linen with an apparent regularity of sparing, 
becoming closer together with decreasing wavelength until the 
liraiI of the series is reached a I A (Angstmiu unit' i ^ji. 

Kig. J.l J + Rainier fir.il nolrd lliis regularity in IHSfj ami i \preused 
Ids nlnervations on l he nine lines then known in the visible 
spectrum *>f hydrogen with ji re la lively simple formula fur the 
wavelengths. Kydberg* a few years Liter, found an even sim- 
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I 'i.iihtc tjtccfrtttit. nf laniard, kijdrtigett. 


|p]' I- ri'lni ii^t! ill I *‘rIUof 11 u W-Jivr mjiulkT (reciprocal of the 
wavelength) 



whnr* An in the Rydberg con stunt for hydrugetu ft is „h tufa ■» 
r^f rntepTB 3, k 5, . . . s and the series limit is for n — = 0 , Tin- 
value of /l - m b.iH Airin' been ■ U-tr mimed (u high precision through 
sperlrosiTopir measurements lo lie An = cm \ 

The hydrogen spec I ruin was found to contain four other 
series, one in I he ultraviolet and three in (he infrared, which 
2iiv gi ven 1 1it* simple i nor!ifixations of the Rydberg formula. Wave 
.. fur the five hydrogen series tm* given by 


* Ail [ A — * , )■ fr 3 f k . Lyman series, 

V3_ ultraviolet 

v = tin ( i - —_Y n = 3 , -V, 5 . . . , BiJmcr series, 

'* *' visible 

f A a* f — — V n I, 5 , 0, . , I When series 

infrared 

v = fin ( - * Y « = :k fh 7, - * - Brackett series. 

' 4 * > infrared 

v — tin ( \ ~ — Y n d* 7 , 8 S . . . Pfund series. 

*' infeed 


(5.Sf) 
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In com pitv raioms u itVi many electrons, E hi- stprclfti consisl 
uf many more fin Mum for Imlrngeii, rcjiTvsenltog spvitji] 
overlapping vertex. Many <>f these series were identified urn] 
expressed in f-MTiniilsis .similar to ilie itydberg relation for liyilm- 
E™, involving the difference Ijetwcrn two terin.s each of which 
involved integral nilNihrrs. In 11KIS Hits extended the Rydberg 
for imitation to include heavier alums and expressed his genera! 
f'wm.hittatum prioriph\ which state* that I he wave number of each 
spectral line of an ulmnie specimen can he given, with certain 
iuiiilnl ions, by tlu 1 difference between two mjmerkml terms, 
I In- clsiri lienl inn rif I he meaning of I hew Icrms became a major 
I hcdfelicoJ problem. I Ih* Mine whs ripe fi »^r Rohr's concept of 
tniuflilinnn from one energy state to unollicr of tower energy. 

The field of a loin it: spectrii is one of Lite great branches of 
pliysns. On the experimental jricfc k insimmeril-; knvr been 
developed tn evtcriJ Lbc range of spectra far into the infrared 
and ullnivinlM regions. wjtJi high resolution sufficient to observe 
the uplifting of individual lines into their substructures of 
uadi Spirts. Tltcorc-t htti progress sinning with ihe Ruhr Lheurv 
has kepi pace wilh experimental iiifriruirHuin, TJic observed 
regularities in id the complexities have been *Vsp!riined l+ one by 
one as the llieory hm beeh developed, lly 11140 speelmsropislh 
bad identified a large Fraction of the observed spcdral linen with 
the specific iitnli.il and final energy slules >hf the ulurns concerned. 


I KK HOUR ATOM 

I In Ruhr theory of I hr alum* which first correlated and explained 
I he experimental M'htfrvjilinnjt on alomic spectra, is based ■ «!£ 1 Ilc 
foil owing poslnhitcs: 

(l.i Aluiin- L-3si*t fri ji Immlit r irf i-urrny ilulrn fr-niic vltirli nn 

ratikMniL h ciniLEi-.l rvr-n lliauifti liar 1 - fnirtlrkn- ninv tn- m irklivi- mutiori. fchb 
Jitiferi fr^ui tlu ri^inimnMil ->f d^iical Herl rndyiintuic'-i ?Js:U jircdctutiNj f luirgt-H 
radiiilv ttvcttfv. 
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12 ) An n hiii i|i trnttsEliftn from one fne>ritjv alalr Ui a mil hrr Involve* Hip 
t-niiadoif or at*iirpLirjn nf pil» ii ili-in u( ftr-qurncy r detenusncd hy Him i( iiihi■ f iliil 
reLitfcrm kv = rr, — IF 3| wiser* h ia Vlppiurk * CuEUtaDt itncl IF, and Tl" a at* l\m 
ffllrtsIltt uf lllr tW<i ?«Lnl iiilinrv illlea. 

1,1) In H-nnli alii I iorui ry it flic! tin* ilymoisir i a r| u il Lb Huiei L? governed hy Hat¬ 
ing ..r eUssii-.il iiM^ luinici inelisding the ennuerv-jil inti of nn>l rriomrsiUtm, 

‘ I I Tlsr allowed stfltiiuinfy -: 1 a t.cw fur n system ®f one elL^ljpn revr living 
nlmul n ivt-|y I’hjirjcrril nudeua art- rici-ulnf orbit* fur whJrJi Use angular 

momentum ts quaritti^d in miiu n\ b.'tw. 

IVj il! iist.ru Le, consider un Atom willi n siutrtr orbiting electron 
jd m! a nuclear charge Ze. where Zh lb* atomic number, U Z I 
lhe Atom is nculrsd hydrogen;if Z — % it jasingjy ionized helium, 
ele. Tin- angular momentum nf the electrnn in n rtrcubr orbit 
b wrr n where trt is electron imi^ p n \s its [incur veltsei \ \\ a ml r is 
orbit radius The fourth Bohr postulate can be expressed as 

msr = ^ n « . - . (M) 


Successive circular orbi Is. are deternLined by 1 lie value of », w hicli 
i,i cal ted Lhe pnTietjKii fuajrfMJn 

Hassicully. Uie t:rulrljujlu! force in circular motion is pro¬ 
vided by the it it me Live cleetroshklie force 


WF* 

r 


Ztf 

r 1 


04) 


Solving Jv|S. (3.a? and ‘M-41 for tlu- radius i^r the velocity 


■f—-rr, r '' Z 


(3.6) 


Sir^2 
p -j— 


im 


The riidii of the nil fwcl! orhitw are jjh'pnrl imud UMcd.A.U, . . A. 
For hydrogen with Z = l P and inserting known values of ^f + e, 
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fttld Ik we find, f"r the sTE'ialfesl orbit with rr Lfj = 5. VO X 10"* 
eiu. Thu is in excellent agreement with ftjil.i males of ant Limit: radii 
obtained by other methods. The relative dimensions of the first 
five orbits arc ill lih I rated in Fig. S.£. The velocity in the simJlest 



Fi ii , 3.2 {a' 1 findial dimenamm \'f the firfit Jhe H I dt 7 tfrhit j 

i n ihr hi/Jrwjtn ofinm , em , ( /;) Tf< 1 n JtYi'i i n.Y h'arfi rj in rm iejtmn 

»f the flolf tier xpectrul tin™ //*, lt 3 , // VT 

..rlui is finimJ lbfet| = £.3 X JQ 5 eiu.-see: lids is snudl cninicm-.l 
with ihe veiafity of light; re la tivi stir corrections tire negligible 
Kind F?r can be token zis (he res! mass of the electron. 

Tbc kinetic energy of tluc electron is 

r = imp’ = | ~ , (-*.?) 


The electrostatic potential energy is nrgalive ■ using the accepted 
convention that ii is aero at infinite separation] and is given by 



(*-S> 


The total niectn ideal energy** II' F + f r of n stationEiry state 
of quantiiiill otimber « is also negative and given by 


£ f n 3 fi 3 


(*.£>) 
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I'o) lowing thv strci anti Bohr post til rite, the frequency of the 
qu an liun of radiation emitted! by ti transition from state \V\ 
to tt\ ia 


v = 



Bur^aur 4 

“P - 




Expressed III wave numbers 


£ \^3 1 ft] 2 / 


(irib) 


{J.iOA) 


where 


rjh _ 'it-me* 

~ ^P“ 

The equation above Inis exndly I he same form (fur Z = 1 ) 
.is I In- empirical Rydberg relation, Eq. ( 3 * 1 )* for the lines of the 
Bk liner .series in hydrogen. The importance of the Bohr theory 
i - that tl gives u value of the cspi-fimcntdl> iMenuinotl constant 
H in tvriNH .pf (lie fu nd ;i i h en I rt I constants rtltd allows n direct 
numerical c-nmpHrisOD of theory with experiment. It ul.su 
i t h ■ n t i ties t h e se 11 ue nee < if i n te gers in the It yd berg relat i on w i (h 
I lie tjnitnliim numbers postulated by Bohr to define the allowed 
energy suites in the atomic system. 

Ilefiin- proceeding with the comparison, it is necessary In 
correct bar jUi a ppm si mation used mo fur that (he electron moves 
in 2i circular orbit with the- nucleus fixed a I the venter as though it 
wm* of infinite ipiuss, In hydrogen I lie nucleus h ns a mass 
iHZSel (inn's I hut <4 the electron; both the electron and 1 lie nucleus 
revolve about llieir common center of mass. The effect of this 
motion oil lh<- lotal ungut nr iticmnenlum is to replace the maos m 
of Mir i-Sur I foil by U mlla-i'd ulus- jji -1/ ini + J/l T when? M is the 
■ ij.is-; -f the (lui'teis.^ The relation between the Uydbergc-oiiaiBiit 
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for et \]\r d nucleus /1„ T and the Rydberg constant for hydrogen b 

*» - r - i+(,',/ jj.) - ° Ms4ff - »•») 

%"% En-n thia correct ion is applied, thr theoretical value nf the 
Rydberg uinstunt for hydrogen is R n (tbeor..J cm 

I his c-Ein be compared with the best experimental value ffn (expt.) 
= lOrt*0T7.57fl ciu The agreement is within the uncertainly 
in the 3 jest values of the fundamental ermsiumts rind re presents a 
major triumph for the Bohr theory. 

Tin- Bohr theory provides el physical faterprrUtian of the 
origin of atomic rn din I ion. Spotitrai lines come from transitions 
of the atomic electrons from one ilaLionary energy hlnh 1 in 
another -if Imvi-r total energy. The lowest fltatc is ibttiUvl by 
l,lr principal ipiantum number w = I and is called ihe froand 
Hiufr. J Jie elccLmn enn also reside, tempomrity, in one or another 
of the higher energy, nr excited, states. In a large sample of the 
element, when il is excited by some mechanism fr>r removing 
electrons frosn ihe ground state stieli r± hv elec trie di.se barge, all 
allowed energy states will be occupied hy sonir of the atoms. 

1 ransi lions from higher to lower energy states result in the several 
series of emission Hrie-i. TrtuudiioKU leading to the Ualmcr series 
line.^ II UJ ll fl+ and It, are illustrated in Ihg, 

Absorption line- represent I mid r tons from the ground state 
lo one or jui other of the excited sLu Ies s when the amount uf energy' 
available is precisely that required to accomplish the excitation 
I his excitation ctuTgy ram In- provided by u photon of the <-*ae1 
f rt^< j ej v rtey i sf LI ie ci 11 i ss ton I i iu\ by elect rnn im pac 1 svi 11 1 i Ice 'Irons 
of sulficieN i kinetic energy, or hy M'vcr.d other ineefiaiusnis- 

Hie stationary stales nr energy terms of the atom can be 
reprcjsriiEed graphically oj an energy’-level diagram. Figure S3 
is the energy-level diagram of the hydrogen atom, with me reus tug 
negative values of total energy II" below n zero energy assigned 
l o the ionized atom fur which w = „ On this seah L T the ground, 
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*1 eiI■ ■ hii* mi energy of ■ l3LoSI7 eV„ I Ik* energy rt!(|tiimJ to remove 
4 i groUiid-&l&tr r-l^tron completely from the atom, I hat is, to 
ionize I lie alum. Free sil hmliing to such uil ionized 

atom cam be captured temporarily in nny om* of Hie uJlowcd 
mr-rgj level?., <mil ting ii ijUjmUiih radiation. An excited 
win in , in whidi an eke l mu is in some state other than ihe ground 
state-, (.'an have a transit inn to u Sower shite. In Pig. 13 the 





fig. .‘J,n /,’rtcr^-fptrf t/rtij'ftfffl «/ fftr kfjitw$rn 
nlum r 


sovrnil serir* uf emission lhuvs ftrun tiydriigen [Ec|* (ti.'t)l nr-r* 
pi id ted ns vertical liners laftween enemy rtldHiii with length) 
proportional in tin frequency or energy of the photons emitted 
in tin Iruirsilhitj The qijiinlum mjmlnrs ti r which deiine llie 
nuinlM'Tof It sirr units uf lingular nnMnePitiim. form un aHiM-mling 
^L of rungs mi like Ladder of allowed energy elates. 
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J'l^ stm]iie Bohr theory has Wit extender! In Later worker* 
to describe additional rmmplcxitieH in the observed jpcrtrn. 
.Many -.f mm I fji | lines were observed to have a fine struct lire, con¬ 
sisting of il iiumlHt of component tide* lying dose lugcther. Tn 

explain lIns line stmclim, So.urfeEd tiIjs U«iI the cxhileiHi- 

°f t-Jitpticail ns well (ls t beulnr orhita, with radial nimnnilunt in 
addition to ?ingukr uumieril mu, In Kolb degree* of freedom 
the Tiinnirn£inn Ls iiUniTliaH in units of h ^ir. The principal 
quantum number ha* two compuneute, an orbit el | (or azimuthal) 
quiititum UuruW t and a radial quaimim nmnW a r+ aiu-h that 
the sum t + tij a, Kor any value of n greater than unify, 
fin- orbits can be ellipses w itli disrrete eeren! rid ties (mt Fig,;}. \ \. 
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Tig, Quantized ethfilimJ nrhit* fm 

rr - tf. 


hor such elliptical orhila n rein I i viatic corm-limi !o tile energy i:-; 
required to jvprrKetit the vu.riiMn.ni of mas# with vi-Wily; lliis 
resulls in siiml] energy differences between orhils nf diflereul 

et'ceiilrieil y and in the transit!.ncrgies between slates* trailing 

In. (hr olj®erv^rj fine structure, I he imi! hemutiea] imitlyxis la 
qnih' com plicated nnd need not 1 m i given here, in llu* Ajninier- 
feld formula the energy terms involve I lie quantum number* n 
nmi I h and the magnitude nf the energy rMlTen-inres is given by ?i 
quantity ralhni I he jh§r ^.turfure cntrxftrat, f * Jfcrry. hr = r; j Tl 
I fie early Srmnnerfehl til very predirted more sprctml-Iine com¬ 
ponent* than were observed i sperimentally. Agreement w us 
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tdiluined by introducing u limitation,, called ;« selection rule-, in 
which only those trjiunit inti- are Jtltowed fi>r which 3,1 = 1 I- 

The spectra nf driglo-elrH run ahum- Mieh j in Hr' and Li* 4- 
are also i-xphiiiiriJ In I lie liuhr theory, when the energies of Hie 
corresponding fftnliunitry h Hites are larger by the factor Z 3 . 
However* for 1 wo-elcetroii alums sueh m- lnulrnl lb 1 Bind Hi 4 * 
ilirn 1 were 'crxnu* dr^epuncies between I In Mohr theory pre¬ 
dictions umI r-v] n* rikIiiiiliiI nbservii 1 irun n, Speed nil line* from 
iniiUiolcelnui atoms were found to lie tfplit inlu imdtiplets 
(doit bids, triplets, etc.) with spacing* large t-ompim-d with the 
tin*--<itriie-i ii r«- s^lilwhich could not in- captained wilh I he 
I Wo rpuiTilyin litmthtTff n and f, A wclUfeuowri eN; ample is the 
inHitui f)-lim ilii^i l tdcl which gives Ihc yellow color in the lighl 
from n m idimu-vnpnr lump. MiilliplH structure Was fttso 
observed ili runityH‘Junes when the lighl snurrc L wji> pinned in u 
magnetic Held, To de^-ribe these i ihservaitiona a I bird “ mag¬ 
net ic*’ ■ |ii.lii i urn number m was introduced- In Lhe presem-p of 
ji Mhii^in'tir Mrhi cither externally applied ur cmi-wil by I lie orbital 
MHiiioris of other electrons, electron orbits are distorted so that a 
ihri'c-diuiensiurial nr spatial tpjanlmiiioT] is necessary. The 
nnt^iietic i|ii[LnLum rtuodttT ai can In risim limed ha applying to Hie 
niijfuhr-miiminittaii cfiiujmueiil along the z cardinale relative 
lo 1 he plrpiie of I he elliptical orbit. This crmiponcnL is also 
quantized in units of h '^iirid is aligned sw to or integral values. 
With this third ifinintuin number many of Hie observations 
di'^i-'f i ln,i I aboi ■■ could be explained lti.it, again, observ!! In ms 
showed fewer f fa ri sill ops Ilian allowed by the early theory and 
required the selectinn rule &m (lor ± I. 

When the principles the wave nicehnides (see page* IV 
\i .tty ,) were applied to atomic struct lire, tile dassieul picture of 
elec tropic n 1 v n| vi n g in planetary or flits about the mi elans was no 
longer essential as a model for calrubitinns. The three r|13tt11 ruiai 
uiiiiilier', a r y, and m -i|ppear in n dim I W113 in tin mathematical 
1 henry of the hvtH-kvtron atom and the nprc^nry selection 
rules jils«P fnlknv .is n direct re-mli ^f the inn tfoemu! ivul E rent incut. 
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The 'ium.limi mcchstniciil theory yield* all (lie gucccssful results 
of the Bohr theory Mild solves many problems which the Bohr 
! hen ry crm 1 d uni h ami le . 

Quantum mechanic* introduced a fourth, and fiiml, quantum 
number to reprint the angular monit-alu m of the electron 
spinning about its owe uxis. An electron spin # wain proposed 
by I hlciihcck and in lE> 2 fl to account for the 

observed multiple! structure of spectra and other phenomena 
siirli jiv the "jiiiumuton#" Zeeman effect Spin U a vector with 
only two allowed orientetlinns; parallel nr an 1 1parallel to the 
n rbE t; 1 1 anguUn 11 omen tu m veet >. *r T The 111 ixgu i 1 ude of t lie electro n 
spin is half the A/£ir unit of angular momentum, As a * plan tin n 
number* * can have only the two values mnl — representing 
l be two allowed orientations 

A him in menial rule in quantum mech&nrrs is the Fifuii 
Exclusion principle, which determines the quantum numbers 
which mi atomic dee trees can have. The exclusion principle 
.states that no two electrons in an atom can have I hr sarin- four 
quantum number* a b f, m t and y. This lead* tu shells of elec* 
Irons for each value iif the principle quantum number n, with 

ck-Hrofla in each shell. |u any atom the electron* ooeppy 
lie lowest energy states lirst, with, two electrons in the rr = 1 
sbelL & in the n = £ shell, IK in tin- u = :t sheik etc. The form 
of the periodic table of the denienU cun be completely s&ttOiinted 
for by this shell structure of elee Irons and the number of elcftrun* 
"onI.Kiide" 1 the la*l closed sEh'II (the i ' t vjih , ni*c" electrons!, 

LIGHTi ttAVB OK tMUTH LES? 

r l hi- nature of light ha- been a mystery for centuries. It was 
known ira the eighteenth century that light travdctl with a very 
large but finite speed, that it moved in straight lines, and that si 
carried energy r While light was known Io consist of a mixture 
of cidor t which could lie refracted and separated by prisms 
The fundamental qm slmn whether light was n wave motion 
or a stream of particles. The argument lasted for over one 
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!ui n< I ii't I yen r% a ml Sn^tli t! i cori li nd I li ri r si j \ q w * e r* . S rwton 
IS; believed to haive favored the particle theory, Huygens and 
Fresnel found convincing evidence for the wave theoly through 
studies of l Ur plirLiuiLienH uf diffraction and interference* which 
m. 1'1 ' provided Irchiriiim^ for mrHHuring the waveh-ngths of light. 
Tin most rimviining evidence came with Maxwell^ 1 henry of Ihc 
f'lectrnmagTietie field, whh-h introduced the concept of displace¬ 
ment currents in a hypothetical ether which pervaded all space 
and was the medium for transmit I dig transverse dec trie and 
i 11 ugnet \*■ wavcs. Tin' triumph ■ >f 11 ic Masw ell 11 h:?o ry \\ n > 11 1 m I i I 
ptvi i ietcf I < j nant i tutivdy the * «1 jservctl velod ty of ii gh 1. Ry 1 909 
it seemed cerium Unit light was mi electromagnetic wave phe¬ 
nomenon, ulUintigli (he rncctumieid concept of an ether ter support 
t runs verse vibrations was unsal isfying. 

The discovery (pf the quantum principle by Planck in 1890, 
followed! by a sequence of applications, brought new evidence 
for the particle nut ore of light. Fianck found that the observed 
distribution in energy in the spectrum of radiulion from a heaiyd 
budy could best hr explained if the nniHs’mti and absorption of 
radio tioil occurs in bundles uf definite size (quanta) proportional 
to the frequency of the light. Einstein used this concept In VMS 
In provide a quftnlum theory of the photoelectric effect, li was 
known Umi rSectruns emitted from the surface of certain mel jds 
when exposed to ul I tfi violet light were emitted with energies 
which were determined not by the light intensity hut by its 
color, Einstein cishiimcd that curb phit&Qto consists r>T a packet 
of energy, A 1 = I*w where p is the freqiieney and ft is js fundamental 
constant of proportionality called the Phuirk constant,* He 
proposed that each photon could extract one electron, requiring 
an minim it of work vharuel eristic of the surface (the work 
function IF)„ will] lib- remaindi r ;ls kinetic energy* I'he energy 
of the electron ns uifusurcd by a stopping potential 1" given by 

1> = fmv 1 = hv - W 


* h -* OM X J (J-" *V wf. 
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The niimlHT of electron4 is proportional to light inlcushy, but 
ihr-ir energy depends on 1 he frequency of the light (see Fig, 3„5). 
tiXjufEinental work by Millikan and othwi? {see Fig. 3.5) soon wji- 
lirtJM’d Lhe validity of this theory un d firmly established I,he 



11i-rjiriljn^ ^ 

k) 


Fnqnetuy * = ^ 

m 


Fir- 3--S n? M'^nr rjfcrf, (q) Rrtarding putmimP /nr different 
vxxwftnfffht fj/ light, (h) PI*ft ,tf rritirtil-friardiny ptrfrntial evju-uii Ut- 
-Jt itwytn determ r'nr tht work Juimtvm qf thfi Mttrfwe, IF = W. 


partieli i nature of IqjhL EhnsteiiiVs concept that E hv for 
photons was an essential feature- of Bolirs theory of the atom, 

|i iy now recognised Unit light has both wave ami parti dr 
properties; this duality in ib nature is ucrcpti’d ns a bn sjc fad 
■>f nature. The phiiii>u is believed to lw j I lie medial ing agency oF 
Ehe eleetr<unitgnetie force; it provides Hie mechanism for transfer- 
ring energy between electric charges; it is the “slulP of the 
electromagnetic Held- Bui photons of discrete energies nn- :ihrc 
released ( ji» > rays) from nuclear decay* and farticle Ltilerarlions, 
So the photon is generally listed ns n special lype of element ary 
particle, with zero ni&s* and tfcrih charge. Ib special character 
ij> Hint it is involved only in electromagnetic interactions, ih:ii 
i t obeys the Hoitf-EiRtteiw statistics I see page 5M ■, mid 11 1 ki l 
it has an intrinsic spin of I (in which it differs from all other 
elei m .n tary particies). 








Quanta and Waves in Atnins 


11 EL ATI VI ST IC CONCEPTS 

Another development during those frtiilful yero when atomic 
theory was bHng formulated was EiiisteliTs special theory of 
relativity. The concepts of special relativity became essential 
coihjjotients in the atomic Lheory and provided the small coffee - 
lions which brought atomic theory min precis*- agreement with 
experiment. They Imvs also Ink I il In-mem Emus i iji par-1 on other 
sciences, such as astronomy and u.^ophysies, and on philosophic 
thought. Although this survey is riol the place for a detailed 
presentation» these baste concepts and conclusions are now purl, 
of our scientific heritage ami deserve to he presented. 

f lnssieal kinematics is the niuily^is qf the motions and inter¬ 
actions rif particle* ■'nml extended objects) a I vidociliea small 
rehstivi- Its 11ml of Iigfit, based on the equations of motion which 
follow from ill* laws of conservation of energy and momentum, 
which rire discussed in Chap, The usual coordinate system 
ia in the laboratory frame oF reference. 

In rlescribing aysUnm in which velocities approach that of 
light, rrlaiivity require 1 ; ihut the elats-sical kinematic* Ik- 

abandoned. A bit sic assuniplinn is that no velocity can exceed 
the velocity of light r Interactions involving particle velocities 
approaching that of light it] the laboratory frame of reference can 
also be described in a frame of reference: located on the moving 
particle, nr a coordinate system enta lie chosen in which the center 
of ii ness (CM) hjF | he inter:* cling pnt tides bat rot, Such coordi¬ 
nate systems have velocities relative to each other. The ratio 
■ if the relative velocity to that of light, r/c m as judged by an 
observer in one system* becomes a measure of the deviations of 
relativistic kinematic* from rhissical kinematics, Sl-c Fig. 8,ft. 

If one moving syslcti* Inis "proper" coordinates j\ f/ + and s 
and "proper" Inin- t , uml atml her syslem which In observed to be 
moving with veliKrily h relative b* I he first (taken for convenience 
in the Jl direction) hms tin- coordinsile-i r H , t/„ and z and tiro* 
the coordinates of the two syslems are related through the Larenlz 
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Fifi. 3,6 Two frames of rtf err tier with rrjnti\w 
tieheity v. 


tranxfurmtilums: 

_/ = x - fit 

[1 - pVO 1 
V r - *J 

3* — % 

,/ _ ( — tx/c* 

* (1 - 

These relations for x -1 and / r can he Arrived to give 


{ 3J3) 


- dV s = f i - fip ( 3 , 1 $ 

I lie Loren tE forinulutEon implies a foiir-tlfni cyris ton.nl space 
with the CCK^dirwtca ** ^ s. and tW (where i - V^Tji In which 
tin* ^|uare of the dig Unco from 1he origin i.s given b 4 y j- -f- y' J 
^ £ 3 - \kt)% From Eip (3.14), it U evident that if x ~ rf, 
I hen x' = <'t\ nr that the velocity of light h independent of the 
motion of (he observer. There is. no lived "ether' 1 in which lighi 
* s \ iTU pHgftled. I he Eioeie ideas of iMeehaninii^l I w> altered in 
s ^t’h a way tliLit :i body having finite nia&scan never (k- arivliTaled 
np lo the vducky of light. 











Further, Wf Ht.'f' lliat Hu- tTi^liii lit l^tweeQ tvi-n point* iii me 
system i* related to that in llit 1 other system, jin 


(3.15 1 


J'i “ jr- = fcr\ - r %>(1 — fl’A *) 1 


I lei n t, Lettpflhx in I In- moving system appear to «nn observer in 
I he first system In bn eon Irftcted by Lbe relativists? term 
(1 — t*' ^}i m fig diiu?nsirm« nrv rcUtiv#, depending on the 
system in which the measurement* an* inmln. Tin- time separat¬ 
ing two events an ont- system is related to Hint in Hie oilier 
sy-denn n« 





So 1 lie time hwiwetm two events in [lie second system, observed 
fnmii Lise lirst ,inn, is lunger or is "diluted. 1 ' 

The momentum of a moving iuirtiel? earn be defined by its 
imtus wi und il,s veloc ity components djt/tff, etc., in one nyMt i in f or 
by djr\ : r tf\ vt<-. + ln llie other system, If j?j , i- the muss in the 
lurinu-d .system (in which the part it 1 b at rest), we have far I hr 
other system 


th ift# dx 

m Tt - ft 


(AJ7) 


where wa is the /r#Z friwx and r is the veloc ity nf I Eit- partiek in 
l he sy sir 111 in wliw'b Ibe mnatfurvinciits it re imule. The mass Ls 
given by flu- forum ht 
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ami the mnmenlurn is 


* " “ = TT^ji <«« 

3'r^rn these Litter Iwr* expressions: w t - find !lie relation between 
mi,, /■„ and p w hfch is basic in the analysis of reJulivisl m itn-i■hank's 


m, 


L s {E , „ 


(W 


F«>r lhe special case where m fl is zero, Mteh ns for pholmis or 
zero-maas particle.?, the energy and the momentum are related as 

[AJ$ 

The inert nil mass a^odaled ivith a photon or a aem-mas* 
particle \h 


m 


^ P £ 

c c* 


(A*J) 


hinstcin predicted that gru vital iun would affect inertia] 
nmss exactly 21s it afrits the gravitational (or rest ,1 mass. This 
was eon firmed through astrommueul observation* of \Ur tab tel l 
displacement of the images of alur> In-yowl the Min during tin 
eclipse, when I heir (ighl (m kv r 1 wn* deflected by the gr&vita- 
lionrtl field of l lu- Min, The variation of mass with velocity given 
liy the vi |u&tiona above bus also been verified in man y precis 
mi marital eorreintions in spec\roscopy between (he theoretical 
predictions ba*ed on tie t|uuntiied momenta in elliptical orbits 
and the ula-cm'd energy difference* in I lie fine structure <.f 
sj>tvtra 1 lines. In panicle accderators 1 fie total mass of the 
uccdcrittad purlidr* is observed to increase with their increasing 
energy, in agnwimmL with the et|UU turns above. 
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OWCEFTS OF Will MECHANICS 

'Igrowing under-landing of the wavc-parK irle dtiah-Bln hi Ihe 
propiTlies flight led Lmn> de Broglie in 1STC5 to propound llie 
hypothesis that ii materia] particle -should &ki have a wave 
F»roj)crty associated wilh i! r The frequency of the associated 
particle wave nhimkt tie related: to the I■ il.u.1 particle energy hy 
the relation /■. = ht\ jtist he H is fur Ihr photon. Furthermore, 
ihe wavelength tans! hiivi thr .4 a me rein turns hip us for light 
waves* in which lli> in omentum p fr/X. 

This hypotln-Hia had h built-in "irralioiuility/ 1 Bohr called 
it, in ulleiupting to correlate the divc-rgcni concept of point- 
mstsH pari ides and of wave motion. In rht&dcal mechanics the 
concepts of energy and momentum have l^en associated wiLh 
particles uf negligibly small dimensions; waves were considered 
iu 1 h* infinitely extended bn space and in limt% The great iHllceoxu 
uf the wjiVf 1 meciumses, us applied in I he quantum theory rrf 
mailer, was in coiiihimtig these divergent concepts into a con¬ 
sistent whole. 

Meanwhile, lines plained experimental phenomena cm the 
behavior of electrons had been neriinmhillag; Metals showed 
abnormal values of specific h^rtL r which was thought to lie 
A.^Meiah.'d with the Ijehavkur uf I ha free 1 electron* in the metal. 
5hulie*uf the scatLring of beams of electrons by metallic targets 
in v mi mi in dinned more electrons deflected id car (am angles-1 lian 
at id hers, KImishct in iWJo cnitjjtfrtured that this effect might 
he dlie to a diffraction of eiertrut] wares hy the lattices uf metallic 
crystals, similar in tin- known diffraction effects uf x-rays* 
Davisson and (.Scnm-r in 1Q£7 treated TiDchdlir target a to enhnmv 
their rryslid fdniilure and nbLiittinl Hrc-iron diffritelk+n patterns 
i|niie siniihir to (he Luljc pattern* observed with x-rays which arc 
diffracted in crystal*. Thus* 1 Uf wave character of electrons was 
rvpi'riiMcnLaity e.sldifelmt independent of I he theoretical pro¬ 
posed* of de Broglie* 

Mir correlation of the experimental results with the theory 
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Fig, 3. 7 Stfketfiat fr* tIfTtttftft'ifirnt for oh. 9 t'tti if if .y r ■ i if - 
fvrtmj of rlectwit u’dir# from thr tettir# tf U tticirl 
crytitfll. 


of matter Waves can be illustrated with a numerical example 
The velocity of electrons in u cathode-ray lube is determined 
by the applied accelerating potential T through the relation 
= l r, For ]nw velocities w hen- relativistic cnrn-eLinn> are 
not ri'i|iims|, 1 ]m- wavelength given by de Droglic’s n-Jnliim is 

* = Wv " ^V)i = 1 ? X ltr7 CI " &***> 

where I is in volts. With nn accelerating potential of 10,00(1 
Volts, which is typical of I Ih 1 values uttvl by Davisson and < termer, 
the wavelength nf the electrons would he 

X = 1.M X HI "™. = Q.|#gA 

This is ill the region «f the apart r.. hard x-rays. The Ini 

lire spacing* for metallic crystals luivc dimensions of ihIiouI 
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HJ"' cm or l A. Assuming that the electron diffraction pa 1 - 
Lem*? came From lattice plniMMi in tb meiallitr crystals having 
Hu- sparing* the wavelcnglb- could hr eulrLjluted. Detailed 
analysis of IWisson anil Corine r h jf results gave striking currvh- 
lioriH with the de Broglie wavelengths. 

Furl her experiment* with electron beams showed other types 
of interference phemum-na ami fully justified their wave nature. 
Electron diffraction i* now used a* an analytical technique For 
research on crystal .structure In metals and in many other fields. 
The electron microscope has become one of our most valuable 
scientific instruments; beams of electruns can he accelerated to 
high energies for which their short wavelengths [froin Hq. OUHj' 
give much higher resolution than that of optical in si rumen b* nod 
the beams cun be sharply focused with electric mid magnetic fields. 

According lo dc Broglie, the frequency of matter waves is 
given by the particle energy + v = I. h f while the wavelength is 
gi ve ii 1 >y iisnm u ami uu l p X = it « m i\ T1 1 e ve l- n n t y assm-i pi I ei I with 
tlie frcipieiii'v and unvelengUi is the phnw or imrr vdem-ity, 
ti- = vK. This is I he velocity wi th which a particular phase of 
the wave niovca through spate. Cornuder a pulse nF water waves 
originating from the point where a stone .strikes She water, and 
forms attention on a particular wave crest. The crest moves 
through I he w av e and dies uu! a* it reaches ihe trailing edge of 
I lie Ira in; u.s it does* new waves appear a I the front of I he train. 
The velocity with which the gem-rid disturbance move* is Ihe 
j trmip velocity; the vrloeily of ihe wave crest relative to iIo¬ 
wa ter is* the phtw vrh icily. 

Conceptually, a wave train of finite length may be regarded 
as a superposition of a large number of (sinusoidal) waves of 
slightly di. literal L wavelengths, Each mm pu until will move with 
h slightly different velocity, Through nonstrurtive inkrfercn^i 
ihrre will be 4i ei amplitude maximum or "jiump"*; the velocity 
with which lliis hump moves is ihe group velocity, and this 
velocity determines the rale nf energy Row nr transfer in Ihe 
wave 1 1 ml ion. The phase vcb icily, which depends on I he fre- 
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I'lg. 3.8 [riterftTitu'r between hint »avf,i A a utl B u/ difffrtnt ptMA 1 - 
ferttjfhff h; d pec/ \j rarivi>rp with phatt wim'iUj u\ TtnniUiat; in amptUwk 
m&timnm V Jvioaun^ with pruup TctacUy v m 


quracy amJ wn-vcfengtk, determines the phase of the wave motion, 
In general, these two velocities differ. 1 lowever, it can be shown 
(by Fermat's principle of feast time) that their prod net is a 
constant. In I lit- special cm: 1 of matter waves, fora frtn 1 paniefe 
liioving with velocity f. with wavelength k = h mr „ and with 
frequency v f! h, the velocity v i-= exactly the particle 

velocity and is neb ted V* the phitae velocity as 


r *■ 


w 


(S£S) 


The part hie cats now be vismitfecd an u wom centered 

on llie amplitude maximum: dm- to superp^itiosj of a number of 
wave l rain a and moving with the velocity v (see Fig + 3,0), Thin 
interpriilHtioil ha>» diflicldties, since n wttvr packet of this kind 
is not il liable mechanical system and ilis.hijjn U s rapidly. How¬ 
ever, it dfies provide a theoretical forimdn 1 imj for the de&cnplson 
of the wave properties; of mailer, developed by Srhrudinger in 
the form of his ttw* equation. 
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I he iSchriifliri^or wave equation is baaed on tbe wdl-kriown 
rlifTcreciti elI initiation for a traveling wave in n homogeneous 
medium 

_ l 

dif kt® dl* (J+#6) 

where is ! 1 m? amplitude, w is tin- phase velocity, ?tnd i is tin- 
distance m I he direction of propagation, For a plane wave in 
ko tropic medium, the solutions cl re harmonic fune lions of 
the form 



The frequency i- and the wavelength A are drier mined hy I hr 
pro per lie.*. ..1 the medium. The quMtity { 1 1 - -r/A) is a constant 
on n moving surface of constant phases b,y differentiation we 
obtain ds tft = w - j^A. where w ia the plicae velocity. When suit- 
si 1 .1 h^ I loij n dary ton t (i t ion s a re i m ]>c ■ m n 11 he sol l j t i lir s Iktt not; at am3- 
Ln E waves, such a* lhose in stretched strings or in organ pipes. 

Am ^ her so hi lion of t>(|, fjkifl), which separates the vjirt- 
a hies, is 

* = (£jg) 

in which ^(x.i ^ Ji function of position only smd describes llie 
14 nhtt.pt' M of the wave at some instant ill time, ^(xj k called the 
vxnt funciitm. When this is substituted in the wave equation 
H r e obtain 

i ^ (x) + ( t)* w =0 c # j*i 

L-Vir :i particle i>( iu;l*s m find momentum p, whicli lias kinetic 
® f W r *«. potential energy’ T. fcntl total tiu-tgy 
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the wavelength \ b given by 1 he dc Broglie relation [Eq, :5M| 
In be 


x " p “ iaimr - 17)]t 




For such ei jjAriiclr, m commonly used form of ScbrBdirjger% 
equation, in nut* dimension, is 


»w + w^ii w = „ 


«.«) 


where ^(jr) is the spa tin I wave function, nr the slmpe of the 
wnve packets for t he pnrtidt\ 





Fig, 3.9 I'j'.Trcoj’hiofbn of partuir *njiv padiW ra/ Ifrirlength ,\ 
mwo-itf r^JfjrrjY^ v. 


Another* and somewhat more satisfactory* interpretal ion r>r 
visualisation of the wave properties nf material part idea, propped 
by Bum, is bawd on Llitconccpl of probability, The ^ehrrklinger 
Wave equation descriln^ a wave packet in which the amplitude 
varies in spare and l hue. The square of the imiplUudc ft lie 
produel of -p and Its complex conjugate ^ ' in which * is replaced 
by —t in the wave function) describes Lin- probability that the 
parlidc is at u particular local inn n I a specific instant in lime. 
In the filtering r if one purl ide h\ another, each is* cuts reived 
ha having mi iissin iah'd dc Broglie wayeleugl 1 1 . As m npfie.n. 
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this process can be visualise I its generating secondary spherical 
waves, anil I hr Mpum 1 of I lie rmltanl wave Jtinpli t rule- gives n 
measure of the probability of I lie living scatlcrptl in n 

(nrtit'iilur direction. 

Wr run aIsri think m[ un inrtdenL beam of clectmii- which 
all I mw tlii i same energy us having nu associated de Broglie 
wnvrloagtb. The diffraction cif this fieum of electrons by n 
crystal rmi lie understood as the result of interference between 
thr piuises of the parthl wri.vrs originating uL the scattering 
crliters. The M|imn- of the slu 11 iILl luIi- of ihe resulting wave 
gives the j i-rol Mihihl y *d I hi- electrons In-ing ai-a tiered ul h par- 
lieubtr Jitigle and in u measure of live ciirrctil nf clr rtrims scattered 
in 11 mil direction. In ^iiiiajnury^ the mechanical process of scat¬ 
tering is accompanied hv a wave process, a guiding wave described 
by Svhr. jh ] ilLgtr "h 4„m pin! ion* in which Ihr Mpnire of Ihr wave 
amplitude ilrlermtneB tlie probability that tbe pruciw will have 
a par I km hr coarse pr diri-Hiun. 

The wave pm|jer1> of Electro eib ha* significantly i nodi fieri 
lilt concept* in atomic theory. Jinhr's theory oranmed Ihr 
electron iri In- a charged particle of very small sbt% cimitalinp* 
in a t}Ua lit iiftd orbit about the nucleus. The Wave meets nixies 
xhtnvs t FueL I he electron should Iw visualized ns a wave packet 
of extended siae and t hat Lbe sr|uure of the amplitude of I he 
wave film-l ion nf the dectran i> u measure of I In- probability of 
I hr elect nm being in ei parti n I hi r I r tea [ ioti. 

These concepts can he correlated by applying the wave 
property of par Licks hi l.hc atomic electrons. As a simple 
example, erjNsfdcr the electron in Ihe hydrogen jUmin a stainl- 
hig wjive extending in u circle utmund tile nucleus. For the 
electron wave just In li|| the dreu inference of the circle, the 
circle xmisL eoulail! an integral number of wavelengths 

fcrf = nX {#££) 

where r is the radius nf the circle and n is an integer. 
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.Vow, applying de BrcgDe’s relation; for tie wavelength 

x a h ^ h_ 

P Wit) 

atnii substituting in Flip (5.33). we obtain 

. A A 

WT = n — or ™ fi ^ 

mp ^tt 

Tills relation is ewdly the Bohr postulate for the quantization 
of angular momentum given in ftrp tl B if we now associate the 
number of wavelengths in the standing wave with 1 lm- principal 
quantum number in Bo Kir'* theory. This visualization of an 
atomic electron is i 1 lustra ted in Fig. 


(S.3&) 





Fig. 3. 10 I waaii^afioji o/ an 
deeirrtn standing trarr jmtivrn in a 
link? orbit fur which ti = 6, 

Where wr ifar electron? 

The Wave function o f ztn atomic electron can be obtained 
by solving the Sehrbdiiiger wave equation in three dimensiona + 
using the potential energy ami total energy > wit]i b mod ary 
conditions which represent .^landing waves to deMTibr the bound 
electron. I lie square of the amplitude of the wave Function 
determine the probability thnl the electron will beat a particular 




(Jucinl-Li nWaira in Alum* 55 




]>m1 1 1■ ■ 11 in the orbit at ft specific lime* 
conceived not as existing in any one fin 
distribution 11f probn bill lies spread 

IV «’]l « ln.-n Wornes u fuzzy cloud—a probability distribution. 
The iiiiiLLzing fo;iHire is tlial,. th-.spite lhi> major change in nur 

W* 


Pt p , j | f i',i uatiznftzm &f th? prnfoj 6 ilk# am^tl it utlv # * n/ 

/i-i'rp ttfoffKP ftfiirnn* in yuaittizpri vnerpy ftt-th a* (I Jutrfitfvrt 

mdiu* r. 


eoncepliud understanding of the rh-Hnon* I he Bohr theory, which 
wits Imsed on confer vuliiHi of energy and nionienlmn for ct classical 
nihL^-point jjJtrtMe, gave nurli u highly pfefiKe prediction of 
nPi ei lie energy states. 

ht order ln- form n homage?myalls theory which incorporate* 
Imtli wave and particle properliei,, i'i 1im> Iwcii necessary to 
give up or modify some other concepts of ihc i-Ltmaical theories 
.4 1 mill wave* and particles. One of the most important of lhc*e 
modification* wji.s, formulated by .Huwnbeqg in HiT io hi* 
ainr rtn inft/ priftr} ptr r This prinriple si ul<-* Ut n t we canm»t lihU 

..mly identify the petition nf a particle and its momentum 

wrih any nrliitmrily desired accuracy, To measure its p-nsitiim 
willli precision we musl treat tin- particle ll.^ a msi*s jmiiil:; t-ri 
incisure momentum we mil$t know sis wavelength with prr- 
eiekui, which requires an extremely long wave I ruin Either 
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pMdon ineaaiiTemerit is possible (in principle}* but Ihey require 
separate rxp&riiui ilLn designed to measure., in one eam- p I h.- 
|>cl rl ic■] l»- proper l ies, ii fi tl« kii the other i iimc p the wave proper! ies, 
Hidsenlierg dinwed by zi rigorous derivation that I lie nit i in rite 
(Nicer kiddy in measurement of in omentum* and simulta¬ 

neously lcasumucnt of position or length* is given by 

AiAp^h (jjg) 

where h is PInnck f t eonsfcftuL This absolute limit of Planck's 

constant can be upprouclifni by incrvu.sed perfeeli.. m«w- 

meiil H bul it eutj never be pressed- 

I he mn Li veil ion for the uncertainty principle can lie traced 
to the wjiiv property of I lie tit omit- electrons. The (fiucppl of 
nn electron wavelength lends Lu an uncertainty in Mir azinuilhal 
IpecMion of I he civet rut) in tilt; orbit of a uingm tulle given by the 
wavelength of a standing wave, whirli is 3 ir:r n for « > I„ The 
uncertainty in i no men I am i* that Ini ween one allowed orbit 
nod I lie next (a or n + t) and has the itutgnHude mr So I he 
uncertainty principle emu be written* in this case, as 

Ap Ax ^ mp m h (SM) 

f his relation is just another sin lenient nif the llolsr quantization 
relation [l-h| i'djSi|. In other words* the uncertainty principle 
is equivalent En I In- IMir f pumti/al i<m relation, when Mm wave 
prop;riles of the eleel ton are cnmdi.lervd. 

An unaSugous relation emi be derived for the limit of pre¬ 
dion in the measure meri t of energy AE and of time At 

AE A/ —' h (SJff) 

An c sample of this relation is tin e]e terminal inn of tin 1 precise 
timv of emisfiloii of a light q14.auLulu of energy /■’ = /re in li n atomic 
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PmlhiilillhlY 

llj.^rLbLitiun 


Hjf. rt, l !=! Vi*ualhati<m of uncertainty pri??ripU: A beam ftf tight 
ar jHtrttrfr.i frith wurvfaftgtk h and nutmrntttm p h,K frtttiW tf* « 
fmmvt'rirr width A_r. haft a diffravlittn patittn i mth an opniiny &*§te! 
it — A Air. The ummiaiMy in foni&trftr momentum Hr &ih ^ p& 
{h/S){k/Ar) — k. Az. A'u, Ap^Ajr h. 


InuMi tmi If thf frequency of Lhr light h to bv luvctsured to 
high lhr wM vr t rutn must \w very long; but if wvuMrmpt 

hi iL h-3 L-rntim- 1 lie insijmL in thue whvii the event occurred, il 
requires some mark I bump ^ on the wo ve Lruin and so 
h'diii-vH the pn-cigi-DU of the frequency imTsisurcinrtii.. 

In atomic Iheory% Hit- classical mechanics is now replaced 
by (hr waive mechanics. Tin 1 duality <d nature. first ubdervted 
»nd applied in lb** w r aivi‘ tind particle rlumirtrriaiics of light* 
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is now extended to tfae particles of the atomic system. All 
waves llJlVe P^licle properties itnd all particles have wave 
properties. I he two view's «re complementary in that it. is 
impossible at the same lime to prove the corpuscular jtod the 
wave character wilh arbitrary precision, bat only within the 
Um,ts M ' f h >' th< ‘ uncertainLy principle, Within this domain 
wv must forego the possibility of exjarimental knowledge of 
Hu 1 intimate doljuls of atomic processes; and interactions. 


STATISTICS (IT PARTJCLfcS 

Statistical mechanics is U» field of physic related In the hchavior 
of large numbers of particle.v. In eU-ssical mechanics the dis* 
trihutioo of dicrinal velocities and energies among the molecules 
of a gus, in thermal equilibrium dm to the exchange of energy in 
randora •rop*pta, w*sp6r»W,i by the .MaxwvlJ-BflH#mimn suuis- 
Iks. If particles can exist only in a set of quantised energy 
states, statistical mechanic 1 , can be used to give tlm relative 
numbers of Atoms or molecule* in each energy state. The relative 
number occupying each quantized energy stale, under thermal 
equilibrium, is given by the Boltzmann distribution formula. 

Quantum mechanics has introduced two new forma of slatis- 
tius, the Hum:- hins|e-in am] the Fermi-Dime statistics. The 
type of quantum statistic* which applies to a system of particles 
lull of om kind: is printed to the symmetry properties of the 
wave function describing this system of particles. These sym¬ 
metry properties haw to do with the effect on the wave function 
of interchanging all of the coordinates of two identical particles, 
wlndi is equivalent to exchanging one particle with another, 
say two protons in a nucleus. The coordinates which are in ter¬ 
changed are the three spatial coordinates and the vector direction 
of spin. 

Fermi-Dirac statistics apply to ay.ns of particles fur 

which the wave function is anJinj/mmetric; that is, it changes 
sign when all the coordinates of any pair of identical purrich.4 
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iin- inli-rdtatiged. The new wave func!inti will lie identical 
ever pi fnr a change in sign, the probability distribution of Hie 
wave function,. which depends on the .square of Hie- amplitude, 
doc* in 1 1 change. 11 can h e shown MhlI t lii^ antisymmetric 
|irii|iL i i v restricts Hie number of puriicles occupying cmJa quan¬ 
tum si Jiti- in one, Thul is, I,be Pauli principle applies for partides 
obey mg the Kenni-DirMe statistics. It is found experimentally 
Haul ch ■ i ■ 1 rn 11 s, pro I o tj s p and nets tro us a re a 1L fe r m iom an c l i ll at 
they lutvr intrinsic spin a = Nuclei with odd mass 

number .1 (total of protons and neutrons) obey l he Fctteu4>jr&c 
d:i list ics and have total angular momenta which :irp mid half- 
integral multiples of h/'hr+ 

1 1 tin- IJoM'-EiiirttcUl statistics I lie wave function is sym¬ 
metrical; Hi a I r.s it does not change sign when the enordiiiato 
of any pair of identical part idea are exchanged. Two or more 
particles of Hi is type can occupy the same quantum stale, 
Particles which obey the Uose-Einstein statistics tire called 
; it i i. 1 have jeero or integral intrinsic spins. The observable 
pariic U - railed mrjitnfJt (piling kjimis. H ; are Hiap, \) are bosons 
and have aero spin. Nuclei whirli have un even number of 
niu li-Mils utv bosons and iil.so have Kero or integral to In I jmgtaUr 
momenta. liosous do not obey the Pauli exclusion principle. 

In l he chapters to follow we will line] that all particles in 
miliirr an- either fi-rminns or bosons ami that this property 
...f their -t.-Jtid i'i^ lmnir in distinguishing the several dasses 
h.L particles. 






































chapter 4 


OTHER 

ELEMENTARY 

PARTICLES 


NAT Fit IS not CUNTJCVT Witt just I hi ttoiUpDFICIlt* of a Loins. 
Even so, Hie three fundamental part trips of which alums are 
formed the proton, the ncut ron s and the electron—have a 
speciftI significance. All sluhle, iuerl atoms arc formed of these 
component^ To die heat of our knowledge, the proton ami 
electron arc absoluteI y stable ami van never decay into lighter 
particles. In the free .state the neutron is unstable and decays 
into a proton, am electron, and a neutrino (me below) will* a 
half life of 700 see. Howcvef, when hound in a nucleus with 
protons and other neulrons, the neutron also stable and has 
an infinite lifetime In all bo I radioactive 

toi; positron 

Iluriug the fruitful delude of the 1630s .SevernI disro verier were 
made whirh added n*w and difTmuit purtich s to ihe list. I 1 M. 

in 16*8 developed i% relativists quantuiu-mechanicHl 
description of the electron, which rangulcted the na^Gfir t-mvrgy 
.sinlea inherent in the wave equaliou by using fmsie llieorelieiil 
symmetry consider^lions. He interpreted hh results lu indicate 
the possible exisl^jice of a pirtide with electronic charge mid 
amts* but wit]i it. positive charge */. One way of under-stumling 
the negative-energy status is tlml they represent a continuum 
completely Filled with eleCtronA. Since transitions cannot occur 
between urdiuary iKJsitive-encrgy states and these titled negative- 
energy states* they ero iioi observed in ordinary phenomena. 
However, if sufficient energy is available to lift, an electron i>uL 
of this continuum intu a posil j viMutergy state, il will leave a boil.- 
in l he codtiiuiuiji winch will have all i hr appearances and piop- 
iTrie-i of a lively charged electron. Tins has the effvtl of pro¬ 
ducing, out of energy Y a pair of electrons, one with negative and 





Other Elrmentury Particles ffJ 


une with jujsilive (‘Large, The Amount of energy required h line 
(Mass; energy (if the two pari Sties, which is 1.03 Me\, t'uch a 
priHlutMi from I hr ncgfctivp-energy continuum is <*Ucl 
ah autijktrtit'lf, 

Mr ah while, V. D. Anderson of California Institute of 
IWluanlogy wn* studying cosmic rays lining a doml chamber 
wilh n 'ii| Nxini pi isi'i I magnetic Held in whirli rLarged particle 
trucks would be curved, fit 1118* Vnderson obtained » photo¬ 
graphic picture of n truck which traversed a lead plate placed 
4KTOAS the eltiunber {see Fig. i.l). The track had different eur- 



Tip. 4.1 lUujftratian of a 
rluHil-i'humfrfY photograph 6j; An- 
dttm n in I9A? which evtulditked 
the wtUtenee of the ptitifron Thy 
irnt'fc N r wt r ttrrvtl hy the tfttitfwtitie 
field !ndivoting a punitive rhu *fr 
ill uf i.taecmd the had jAafa /nth 
an ewrrfjtf ItMtu equal frj that of an 
eieotrim. 

Yalures on the two siitc.s *d <he plate. indicating the direction of 
the im-oiiniLg particle. The energy loss in the lead plate identified 
i| a particle of electronic mass. However, I lie observed 
curvatures in the umgnelir field could only fw produced by il 
pjirlirh' of positive etiaTge. ScknUst-n iLiiirklv associated thh 
particle with Ihc Dime particle, and it uhh given the name 
pwrittm. 
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Thi- discovery in 1B94 by Curie and Jobcd of nuclear 
disintegration* produced by a particles b several of the light 
dements that resulted in mditmetivr nuclei opened H new era 
m unclear physics. These "artificially” produced radioactive 
,1Ul k ' dct * rtV « 1 * ‘h 'nasi instances with the emission of positrons 
wjtli characteristic half-lives of a few minutes or Imurs. For 
example, when boron is bombarded Ijy „ particles, the nucleus 

N “ iH which decays into C'» will* the cru&iaq of a 

posit run 

*B» + ,He< -» t N'! + uK i 

“* is + if 41 (if = 14 iliilrj 

I Ins tilscioverj- hjls miuji followed up by srieii lists using particle 
hsuiiH produced to accelerators, first with I lie cyclotron ut the 
t'lmWy of falifur.ua by IS. O. Lawrence ami Ids assudales 
iind later by olliers. [minced radioactivities with* observed front 
essentially all light elenient.- by usin^ scu'IrmUd brnmt of pru- 
t°n.s. deuterons, ami lie ions: some Here "ncutron-neb" isotopes 
wlneli decayed with the emission of electrons, amf some were 
‘neutron-,wmr” which knitted posi Lrww, Their lialMtves n M ged 
from si-i’unds in many years, 

,\i» indicated above. the positron was immediately accepted 
liy’ scientists as another furidanicnljd particle. A furl her thm- 
rdicEil prediction was soon confirmed: itotl lie- positron would 
combine with an dee Iron, after Iving slowed dow n by interactions 
in matter, with the release nf the muss energy' of the pair in the 
fodll of photons 

#+«--**+ 7 (4^ 

fn most cases only two photons are emitted in positron "antii hi- 
latnm/' each with an energy of 0,51 MeV <rrs| energy of an 
electron). However, the positron did not fit i., Hie atom with I hr 
oilier elementary particles- ft had lie much deeper significance 
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of bring an example nf a completely new type of particle, which 
roijh] \h' created and destroy erL It was I3ie fLr_st of the class 
known uni) partirlw ami hu* \*.*m given I lie symbol e*- m 

NEUTRINOS 

\noLlu-r pmbl. whirli i-hidlmigtil pliyuii-i^t* in the 103Qa 

w;ih i hr Ifcda decay proit^a in tint uml radioactivity among the 
heavy rlmietiis* which reined to violate consermlinn "f energy 
ami imjiimnluui, Vor example* in RaE l lie g par tides (electfrans) 
nrr emitted with a s^-i-ls'imi of energies extending; np to nn end 
point eiuirgy of ].L7 MrV (krr Fig, k^‘«. The parent and 
prudllrl mirlri (I{yE 3E(l and Pr j- 3n i were known to have h fixed 



Fig* \>2 {i -Jifiri irfr spectrum nf HaH und the cjim/tj 

ttttitiijrwil fjj ri tuin H£J. 


i\ms£i difference regard lt«NH of l hr im livid ml g-rny energies. 
TiirUu<rimire p by this time it was known lhat etecimt^ have an 
iiihioMr sjiiii * = unil^ of angular momentum. The nuclear 
utiguJar momenta f of I Ik- parrot and product nuclei must either 
lie the name or at llic most differ b y an integral unit of angular 
mom*-ilium, since they have the same total miiniwT of iHidrnns. 
So i hi 1 tn Mission of u\9 rice Iron with spin j would nisi) violah 

ton mtv a t bn nf nhgtdur.mm turn, 

Pauli proposed i he hypol hesbi thal ss second* uncharged 
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Ptttidc was being emitted, simultaneously with tile £hray elec- 
tron N which carried off the unobserved energy* momentum, ami 
spin* lit LUiM Fi-rini ul Hissed this concept \n develop a theory of 
beta decay which conserved energy atld momentum and for the 
first time gave n quantitative explanation of I hr shape of the 
d-ray spectra. Fermi christened this particle the neutrino v r the 
little neutral one. The properties humped for the neutrino 
were sero charge, Jteto or very small rruts-s h and ]mlfdntcgral 
intrinsic spin. The d-ray electron and the neutrino were 
11.ruined tn hr- created and ejected sironltancuiiflly (see Fig. 4 _ttJ r 



Beta decay can be considered rt process in which one of the* 
neutrons in the nucleus is tmnsFrinned into a proton 

W -* J>* +0-+V UJ) 

1 hr lEidneed radioactivities leading !u positron cobimt, discusser] 
m the last Mrclion, arc also beta decay prore&srs. equivalent to 
transforming a proton into a neutron 

**-*.* + ** + * U4) 

CF^Ier in this survey we will find is necessary to distinguish 
between thf neutrinos emitted in these two processes; the one 
associated with the electron Ls called the untlneiilriup i* and thiLt 
with the positron is Lin- neutrino jO 

The Fermi 1 henry of beta decay did much more than preserve 
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Ilir conservation I aws. It predicted quantitatively the rein live 
rules of decay (linlf-lKves) nf radioactive nuclei and the dis¬ 
tribution i if energy in the d-ray spectra* In Fig. 4.3 the amount 
of energy assigned lo Hie neulrino ill n. Specific process U illuft- 
Iruhid. Thfi conviction of physicists in the validity of I tic con- 
wrvalion laws wa- so basic that the existence "f u Dew-mass 
ui-iitriiEta tviis ncceplrd it] principle fur many years before il was 
confirmed lb rough c\prri mental observat itm>. Even before it 
wh?i observed* Llie neutrino wsisf added to the list of elementary 
particles, Hub like the positron, il was a particle created out 
of energy and not a eon atri um I of n uclei, 

Had Inactive decay pruce.stfes urc *o -low, relative to other 
nuclear processes, tlinl they have been given, collectively, the 
name nf trf-ak inicrvrtiunft, In i "hap, t we discussed the strong 
nuclear interaction* and the l-x lrc-EIlt^ly short range of nuclear 
force*. The time during which strong interactions, occur is 
extremely -short An appropriate lime unit is that for a particle 
moving with u speed clear to that of light to cross a iHieluun, 
which Is li I a mu 10 11 m'v. If i lie energy available is sufficient 
and gnoment.uin ran lx* conserved, a strong interurtinn diould 
iuk»- pla.ee within a small number of these nuclear time unit*, 
IF the interaction involves only elect™magnetic forces# the time 
ht i-xpccU*] lii hr longer by a factor of &hoijl 100. 

Fertm fee agrii vied Iluit tin very milch longer lifetimes in 
h id ii me live decay processes required l he existence of n n inter¬ 
action which w p as very njucll weaker tI illii the nuclear or elec¬ 
tromagnetic interne (ions. [u Ieni is of Ehr nuclear time scale 
tilradioactive decay lifetimes are enormously long. If the 
strong nuclear force were involved the decays would occur in 
nuclear times. Since this does not happen there must hr sonic 
prohibition. Home violation of n canNirn'utimi law', which prevents 
I Sic strung mi clear interaction from omirrmg* Vcl \hv decays 
do happen eventually. Hi there inusE he another lype of inter* 
action involved which is not subject to the strong intcrncium 
Conferva Eton laws. Since tin- decay lifetimes are so tong this 
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nvw type of interaction must lie much weaker. Fur lack of a 
iKHter name it is called the weak interact inti. Its relative 
strength is estimated lo he about 10 w of that of thr strong 
interaction* 

Ncatrinoit interact with other particles only through the 
u eak interaction* They a re formed in wea k interaction. decay 
prooctnea such tboae of Eqs. (4.3) and (14), The capture 
of neutrinos is also a weak interactum, wills an rvtmiirly small 
probability. For many years ii impossible to observe ilie 
neutrim., carpersnic 11 1 a]I v Jho great di fTu■ o 11 y 11 n.bservi 11 g them 

was I he extremely vmall talc of in term-1 ion with matter. Ncu- 
triric^ are by far the nuM pe net ruling of all nuclear particles. 
In traversing the earl It across u diameter only about onife neutrino 
in 10 ! " will cause r reaction or be captured. The "rang*" 
& neutrino has been estimated to lie :l distance etjui valent to 
1 light-year hi lead. 

Neutrinos were eventually observed onjy when tieitrendous 
Ihjx densities became nvailuliji 1 from nuclear reactors, only with 
llir use of very large volume detectors, and only at quite low 
counting rail's. r l lie first conclusive experiment was performed 
by F. Heines and XL 1>. Cowan m an underground roam of a 
large reactor at Savannah River Jit cirgiii, in tRJifi- (hey used lurgc 
toifcks of sdnlilliLinr llnid viewed by many photomultiplier tubes 
to iklret the ^eintillations caused b 1 the charged particles 
resulting from the capture process, The read inn observed is 
the inverse of beta decay 

* + p + -+ n + 

J JkLs h uelton was delected through the photon h produced in Mil 1 
(delayed) capture process of the neutron and in the mmihilatiuii 
of the pusilron. 

JXtc neutrinos discussed iso far are those aiSfionnlcd with 
electrons ami poAitrims. In a inter ^r \ion we shall discus*. 
another type of neutrino which i> associated with I he decay 
processes of tt mesons ami a monos: these are dearly different 
from elect mil eilu! rinos and are railed mumi neutrinos. 
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MRSllNS 

'IMif origin and nitnhfliiiflm of lln- nuclear force which hinds 
fnvi-pii* :i in I neiHrmis in nuclei ha?. lung I m-n I hi- .subject of 
Hieorc Lical speed a li mi. 11. Yukawa proposed in thait it 

rnull l iirise fran i the exchange of some nuclear radiation between 
iiUc-li'ian?ilu^<m* in the exchange of photons between elec- 
irir charges which ** pwki umed to give rise to Hu-eh<-tro magnetic 
force. In nuclei Hie strength of the force, and Us extremely 
diorl range* would require the mediating agent to lw- a particle 
of id mill ‘5(H) cletlmn nmjssw* Hither Hi?m a aero-mass radiation 
such iv* l lie photon, The mass of such ;l particle, of about 15U 
MeV/ in intermediate between that of the. electron and the 
proton. 1-arHcles in Hus muss range have been given the name 
mwvn* They are sonietitndrdescribed in the popular literature 
a ?s I lie unclear lb gltU’ which hold& nuclei together. 

A charged particle wilh eui appropriate mass was obisemd 
independently by I I>. Anderson and by J* t 1 Street and E. 
Stevenson in in cosmir-ray studies using chain I chambers. 

Al first H was presumed to be Lhc Yukawa particle resptitisihie 
for t he itLH'liMLr fore*-. This jiaiumption led to a decade of confusion 
Isdnfe evidence a ecu hue in ted to daow that i| was much Lao 
fM-m-lrating mid ii* inferae!ions with nuclei were much too weak 
frir ii to Ih 1 the Yukawa particle. .Not until 1047 did t \ M, it. 
Lair*-*. Ii, (kehkdini* and C, F, Vowel I report observing h 
track in photographic emulsions exposed to cosmic rays at high 
altitudes which bad the proper grain density for u meson and 
w ! Ii i i-i n w 1 h nil Weis I * i\vi -d di j w n . d eesi yc( I i ii t o a p roducl l:i lc h q u , 
They rutted the primary particle h tf uicomt arid the lighter 
product a p meson. It is row known Hull the it meson l/now 
rjiUcd (hr ptur\. 1 1 1 ji s have flit 1 strong nuc lear interaction proper¬ 
ties of Lire Yukawa particle. The & meson (now called I he mum) 
is Hu- particle fir*l observed by Andersens ami has proper ties 
■.iuiilar lo lln- electron, in jJI respects but ifs larger inti**. 

Wilh I he drvj'lcipitieiil of purlielc itot^Iemtors in the “20C1- ha 

' Set Vh*f jK A for the definition u/ n» h unit of mm*. 
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500-MtV energy rangy following Wnrlff War II, energies were 

jiviiiJiJiJe sufficient to create meso n a in large in tend tie* and on Jit 

contvoUiibilc ..iitious in the laboratory. The first ohserYnlion 

of the production of pirni* by accelerators wfcs by M, K„ (uirdner 
anj r. M. <*. Lattes in iMM-H. who used . L JH0-MeY lie - ' 1 ions from 
I he 184Jn. ftymlitmydolmn ,if (hr !'niverity of fiilifomiii, 
Within n few years several other machines wit r bought into 
operation n\ energies a lane the threshold for production uf 
thi\ k pf H new particles,. Pious were observed of hath positive jind 
negative charge ami could lie produced by protons, JeuLerons, lie 
eohs^ neutron.4, and 7 rays. I he Iir-^t year* uf njHTation r>f these 
accelerators were devoted largely Ir» ^ladies of I he properties nF 
fhese anesoiiri: l-hrir mn>* value*, energy requirement* furprialuo 
tion, prod net ion rat.es, uml meHnmisiii:.- fur production and decay, 
\*i Of is are prpiluot'd in mi-deur hi'tenicliotiN between a variety 
of bombarding pari ides and target nuclei. Pions of dllo r sign 
i if charge, * + a in I if - , haw the *imir mass uf n I mill 9 4^ MeV. 
Th-- bum I m nling energy must In- larger Ulan thr re < mass for 
liuth energy and trumeutum to lie conserved in the product ion 
process. Hie dynamics of momentum bnlimcv in -aich proecsisea 
h discussed further in Chap. ,1. With protons and with a 
den.se target (high Z) Ibe rnmiiuiim bombarding energy «: thresh¬ 
old energy) required to produir n single piun of low kirn-tic 
energy is about IfUl MeV If proton energy exceeds I In- thresh- 
iihb the emitted pious have larger kim-lie energies., At slid 
higher bombarding energies a pair of pions may la? produced. 

I he sLiiglc-pioii production processes involve a clnirigr in sign of 
one of the nucleons, Some typical pnxT^se*; are 

p + p -* p + n + %+ 

P + Jt^p + p + BT" (4.C) 

P+ p-*p + p + r + +f- 

rhese are strong nuclear interactions; they have a large prob¬ 
ability and occur in very .shon limes. 

Charged pi on* Jose energy in absorbers jo two Wriys. through 
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hudear ^altering nr ^ilher nuclear internetions and through 
ionisation of the atoms in the absorber. Energy loss through 
nuclmr processes i nr ■mi.sen w i 11 n pi on energy; bss through mo- 
izalion is greftifHt ut low v^loelt tes flow energies), Eventually 
tlie pion-S n n- tdowed down to thermal velocities unless they 
destroy them selves in flight through nuclear interactions or by 
decay. When slowed down, Me tmi charged pinns suffer different 
fa tea, 

A slow it~ pi™ can displace ao eWtnm in an atomic orbit 
where* because of its large mass, it occupies a very small Bohr 
orbit; mi its wave- fund am can overlap that of the nucleus, Tlic 
jr" piL>n is promptly captured by the nucleus and llMiulJy causes 
ft midcar disintegration in which its rest energy is distributed 
between several nudear fragmen ts These charged nuclear frag¬ 
ments form a "star" in nuclear emulsions <»r doi id-chamber 
phot11graphs, as idn.Mrated in Fig, kl. The ^signature'" of a t" 
pi on is a single track ending in a nuclear Mar, 



Flg + h4 Ttffriral .vr tjnuittreit of Jr 4 n tirf x' 
piwt* in ri tkntd rkumbrr tvifh u fidiL 

(u) r* —* |1' + jI.; pf #* + IV + |... 

(fc) it- + Jr V A -* ' + /i -t- p + ii + », 


\ 
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Positive pious t + arc repelled b} the pndtivclj charged 
nuclei iu a l ours and do no I internet with atomic elrcdmus, 
In mutter, wlnm -.r \mm arc slowed down by ionizing impaeU* 
they decay into positive muons and muon neutrinos 

r^-f + ^ (T = t + 78 X IfT* sec) (J.7J 

The muon produced in the decay process is (In' mart «ls the 
hmt'tj tfi'tirtm or jj mcgQH first observed by Anderson in commie 
rays. The range of these muons is always the mine {from .slow 
pions), indicating u iwa-body decay process; llic energy released 
(34 MrV) courses from the difference in rest masses. The mm- 
lri no, however* i* not the Name its llm one associated with 
electrons m beta decay processes and is given the symbol v M - 
Kvid price fmr Ibis cunnlurdun is discussed on page 7ti, 

In the absence of matter* that 1% if Mm pious traverse an 
evacuated pipe, negative pious can also decay m flight into a 
muon and a neutrino 

ir- -► ^ (T - LTB x Hr 4 sec) 

Itere Mm neutrino is I he mdi-muon-imuirmo, indicated by the 
bar over tin symUnl, It should also lie noted Hinl the half-life 
of the dcciiy process t' given above is valid for pions WtMl sub- 
n-lidivblu velipeiticN; if the pious have relativistic speed* Mu-ir 
decay [ifi-iinie b "dilated’’ to longer times, following the Loreniz 
trail* for million equation ^iven in blq. (3.13). 

To complete the pion alary, we should add I lie prediction and 
discovery of Ml<- neutral piun Ah an intension of Yukawa’* 
thi'onilicnl speculation cm the origin of nuclear forces* J. R. 
Oppcnhidmcr in 1047 suggested thul neutral meson!* might rdau 
he involved in 1 lie exchange prncc-Hs la-1 ween nucleons and l Inti 
if sueli pi ueurml meson were ejected from a unclear interaction 
il should decay very rapidly into photons, lie suggested that 
Hieli pliotoils mighl be partially responsible for the soft stinti'crs of 
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ptiotons and clii tfohs obaer\ r ed to be produced by cosmic rays 

in the atmasphrrr. 

Thi- search fora pi fin wns carried cm in several kWa lories. 

T]ic tnmi convincing evidence of thrir exiskner came from 
^perinicntfi with the syncbi-ocycldtron at I lie University of 
California in IfloO. Nuclear emulsions (photographic film ^ 11 .^- 
tivc lo lightly i an king particles such as electrons) were placed 
l^hinrl targets in which pious were produced by l lie alX 1 ? !era ted 
bieauj. Under microscopic i-kii mi nation, assomled pairs oMrc- 
tracks were observed close to the front surface nf the 
emu]sum. The c wen- presumed (,. be produced by the photons 
moulting from piuti decoy 

fully wed by (4^) 

It—* + C" 

The tradbi of the* two aasnchU-d electron pairs eon Id 1 m? projected 
bark in locate the positiun of the t" decay process. The short 
ilisUtnoe traversed liy the *" indie:i1ei.| a very short half-life of 
tiboul in ' see |sce Fig. I.ji. Ji might bp noted IJt: 1 1 Ihisisthr 
short.es I decay lifetime which has been tnefi.-nji-cd v\ peri men tally* 



i Drray nj it" fiitm inioirrf* phrfnm, obttned 
rutfrapfi r rmuUiwi [prwtftf maffnijirtl). 
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MOONS 

\i>w ltd iies consider the quite different propertied of the n melons 
i ir in item ^ M uirs.s electrons, mid nesilrinns form a eriirgnry 
o£ particles called l&pti&n& u which lire fermion# wilb half-integral 
intrinsic spirt mid which interact with other pflrtick-s primarily 
thrnugli the nvrtk intcmelimi, The charged leptons may also 
Ik* involved in ricctmnijignrtie interactions with other charged 
particles And with photons But lepton h never interact with 
other par tides through the strong nuclear internet ion. Far 
example, muons do not interact with nuclei, as pious do* hut 
lose ene rgy only by ionization. in matter. The rate of energy loss, 
through ionization is about 1 MeV for each g/cui v iif absorbing 
material. The range of .1 rmmit in matter is nearly propurlional 
to ib energy. If « mixed hi mu of pious and muons I ru verses 
an absorber, most ol I he pioiis will hi- removed through nuclear 
in tv Factions while the muons (if of sulfimniJ energy) will pene¬ 
trate the absorber. Muons are the “penetrating" component 
of Lkc ionizing parikies in commie radiation observed beneath 
great layers of earth ill sull inines. 

The muons produced in pion decays will In 1 flowed down by 
ionising iin|HBCr(js. Slew ^ nillruiisi can also display etei Lrons 
in ritnuiic? nr bits and form temporarily stable atoms. The atom 
parallel to hydrogen, which has n proton nucleus mid a ,u“ mUOU 
in an atomic orbit, lota been produced and studied in the labora¬ 
tory; it i.-= called !1 fi-im vir ftium. Eventually., the muon decays 
into an electron and two neutrinos 

ti- + V, + v n (T * L5i X in-° sec) (4-10) 

Evidence that thi> is u llim-hody decay is that the electrons 
have a wide distribution in energy. Three products nrv also 
re * [Hired if .spin is t"- he conserved JsaC < hap, 5,-_ The energy 
released (105 MrY) comes from the difference in rest masses 
of the muon and thr electron, Note that one neutrino is of 
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ihe electron fjn rmrily rind the u I her is of the nation family. This is 
a rcquireiuE^ii of the particle number cu nervation Uw (wr Chap, 
5 ) and in Another example of the difference between electron and 
Jiitnn] neutrino. 

The positive muon jut " 1 can capture an electron in a Bohr 
orbit a tiif form a temporarily stable mwoftiifTtt. atom. Hccaasc of 
ihv relatively long half-life of the muon the atom survives long 
mi "Ugh in hr stu died in the laboratory in eoiusidemble detail. 

The positive i am on itiTJiys rvetittlaily into products .dim hi f 
to t.hoee for the negative muon 

^ _* *+ _|_ Pf + - (T - iM X ltT H sec) UJ1) 

Hu | In- signature of a r - 1 pton in an emulsion or in a cloud-chamber 
photograph is a sequence of ihree ionizing connected tracks, 

g + , r ! t with sharp angular deflections between them; the 
neutrinos which are ail so emitted in thrive decays: are not observed. 
Thia typical signature* is illustrated in Kg. 4 A. 

We indicated earlier that the neutrinos accompanying unions 
in pi on decay differ from those associated with electrons in beta 
decay. At first it wits assumed that these neutrinos were the 
Mime, They have the same basic properties of zero rcsi m aas* 
fcem charge p and halfdfttcgrul spin. Tlu-y holh interact only 
through the weak interaction, i his las? property has made them 
very hard to detect, Elec Iron ocu trines were lir.sl observed by 
Y 11 cine* and < . L. < \jwan through the inverse I ►eta dcray 
[Eq. (4.5)| in which the neutrino i> absorbed by ;l prut mi and 
changes it into a neutron plus a positron 

7« + tl + ¥ (+ 4 f ) 

These electron neutrinos were produced from a high-tins nuclear 
ri-jirhir by beta decay following neutron captLire and wo were 
elec Iron-assc h -ia led n eu trinos. 

Adequate of muon neutrinos have become available 
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only in recent years from very-high-energy proton accelerators, 
primarily through the decay of pious produced in targets. The 
experiment in which muon neutrinos were first observed was 
performed ret Hrookhaven National laboratory in lf>M4 with ilic 
38-GeV accelerator. The high-energy neutrinos were projected 
forward by pi on decays in flight, were passed through great thick¬ 
nesses of shielding to remove sail muons and other charged 
par I ic le.-i h a n r I I rave nsec i a very large spark eh o m her de tcet or. T1 11 ■ 
e vents observed were essentially all of the type which produced 
muons, which can readily be identified in the photographs. 

Pp + n —► P + ^ 

U-13) 

J** + p — 1 * n + fi + 


If these were the same as electron neutrinos, they should 
also have produced electrons, r-t.s in Eq, However, lhe 

few electron event.*, observed could all be explained by u snitdl 
eon tumimi lion of neutrinos. II appears that muon neutrinos 
cannut produce electron events and therefore differ from electron 
ncutrinqs. 

The eri&trncc of two different types of neutrinos is one of 
the most challenging problems of particle physics at I lie- present 

.., This may be the same problem as Unit of the weak 

interaction itself. If so* it may also Eh* associated with the other 
ba.de problem rif weak interactions—the question why the in unit 
exists. At present there is no satisfactory answer In any of 
these problems. One tentative correlation seeing to exist: in* 
each event in which a neutrino is involved it seems to be o&so- 
dated with three other fermions. Tit is can be noted i ji Eq a, 
(4,3) to £4.5), where two of the fermions arc nudenns, sun I in 
Er.|a. i V.lU rn 14.13)* where :il| four particles arc leptons. In 
pion decay, Ei.js. ■ 4-‘ i and i-hB), it is juMsihlo in conceive* 
11aaindicu!ly, of a 11 iutermedinto state inv i >Evistg two virlual 
nucleons which produce the lepton products thro High the weak 
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litterat■ 1 1 r>n. I he mpiBcsnce of those correlations is still not 

rlejir* 

Mi is see I ton has carried our discussion of mesons muons, 
and neutrinos almost up h. Uie present time. Only si fraction of 
this infornla!ion was avrbkble in )M7, mJM lough Lhe existence nf 
these classes of par tides had been demonstrated, 


STHA^CK IMUTICLKS 

A list of elementary part ides compiled in HM7 would have 
included those described above with ptrlinp* s\ few comments of 
n s[waud;ii ive nature by cosmic-ray experimenters on the possible 
existence of heavier mesons. Tins list with the presently known 
pfftij>erLies of these pur tides is shown in Table I. The number of 
particles for which reasonable experimental evidence cabled was 
10: f others had been predated on good theorciical grounds but 
hud not yet been observed, liy I his lime I he defiedlinn of 
e]mientary psirlides had expanded to include more Mum Lhe 
COUipOTiL-nLfl of atoms. It rinw included |>artides created in 
nuclear decay processes, such as pious and unions, and zero-mass 
neutrinos; it ilIjo included antipurl irlc.s, jd though the positron 
was Elie only example which had been observed. 

Then in u relatively few years the field of particle physics 
exploded! The list of ehuiimlary particles jumped lo over 30 
wilhiit Lhe next H years. This period of great productivity was 
due primarily to the experimental use of a new general ion of 
pa rticle accelerator* of much higher energy, based on I lie principle 
of phase-stable acceleration mimuinecd by V. Wkder in Moscow 
ILtJ d i independently) by E. M. McMillan a I the 1’id varsity of 
California in 1 SMS, It was also associated with lhe return of 
physicist to their III bora lories at the end of World War II and 
Ihi-ir rapid deVelopjiHtil of new leeluiiipie.s and new instruments 
for measurement, amah us scbiiilUtiou counters, high-speed elec¬ 
tronic systems a mb somewhat later, the liijimJ-hydrogen bubble 
chambers- 
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Tfie firsE group of high-energy aecekral "r*. p, be started 
s*fl( i r lO-W were ot twu typr_s electron HytichroLfUns in the erargv 
mnifL- ui :m to 3oQ Mc\ and ^ iirlimrydolroit^ which could 
UirHf»raLt‘ protons, deulenms, nr He++ ions to energies of 150 to 
MeV + Within a few years six electron synchrotrons and six 
synt: hrr«-ytJotroiis were under construction in the United States, 
with others in Europe and in I In: U.&S.IL By 194$ the first of 
these high-energy machine* were completed and starting to 
produce ^csefitific resists. Among tin- Or.sL of these result* was 
the production of pintu with the l$*4m synchro*ydotron at the 
I niversity "f ( ^hforniu Si min il was possible to produce I jean is 
°f pions of known anil controllable energy, in sufficient intensity 
t(F use I hem as Eecond&ty beams for observing their nuclear 
interne: I ions ami other propertied 

Meanwhile, designs mid ci instruction wen* started fur two 
proton synchrotrons in I he tiuU-d State* which could produce 
protons of multilii3lion’Vi.it (multl43eV*) energy r Hy If }&& the 
Brookhaven rosmolrun had fi-rcn in operation fur several years 
atHficV energy,and the bcvutronuL the University of Cali forum 
Imd hern completed at fi tie\\ With these mid Li bit] inn-volt 
Jicccterulfjrs it was possible l,o produce and study particle* with 
mass valine greater limn nucleon*. Several new families of 
IJJLrtielcjr were discovered with pni|>cr tiles of a completely unpre- 
dieted and * H aLrnuge + " nature, A number of extremely short¬ 
lived piirltcU- states railed r&timattci# were disdoaeil und their 
properties studied (-we Chap, 10). 

Then Llic floodgates ch*Aed a* suddenly as they had opened. 
In the year* since MJ.T.V uniy I wo new particles aud a few mussing 
inch i hers of existing families have been added- Progress has come 
largely through extension of our understanding of resonances. 

The first evidence fur llie many new particles, first called 
.‘dnrej/r. cm mo fi'mii trucks observed in photograph* of cloud 

fbi 1 tyrr^W nvE tqrijn dtotruti. foil I i* uW irder nationally lit I-JTJ 

rmriffj rout of tow M*1 The rymlmt JJ. I ibiNwn derlttm i* u^td in 
tfrr United Stale*, 
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chambers evjmscii lo cosmic ra,y* ai :t higli-alliludr Iflborwlftfy. 
reported by 1). Rendn^T and l\ I Butler of I hr t'ni verity 
of Manchester in 1047. This evidence Wits the obucrviitidi) of 
V tracks ion sitting of two chargeth par tide tracks reining from 
a unto in on origin* -if winch one wms identified a* a proton and 
the Other as :i negative pimu The non End | article winch decayed 
to give products, now eddied like tuwiMu-zfT**. (A"l. must havr 

hiid b, iiuisa greater than the sum of proton find pion 
Such a oru E ml particle would not cause hini^dinii in Ihr chamber 
iliilI so would n e *\ be observed fsrr Fig. 1.3). This was I hr firsl 



,\I^m 


Fig. l.h Er rdf net' ft/ vffimpf pnrthl*'!* prmhwf />y r a^ : 

(a) l n rutral pnrtirU driufjp hi ihpti uth* in i & rftiirgni parfivlpu 
Irark). OA A ritarpmf ft/amj pllftkk tirruy* ttrfti a ntuirul part Mr 
nnrf Qfuyfhrr krttrtf ehartfftf jfiirhrfr. 

convincing evidence fora particle hrnv ier than a nucleon. A umber 
observation was a single track which showed a slmn> change its 
direction and u reduction: in grain density in which the secondary 
track evils uImii i i|i 1 1 1 1ilied as a pm Inn. This truck was interpreted 
ua it charged heavy particle (now railed fchr - 4 ) decaying iid.n- 
a proton i le i■ I a neutml meson which ww not oWrvi-d, But 
the real explosion of expert meld at evidence for these many new 
particles starts! filmur 1053 with ncielerator sludU^ using I he 
iMie V cosi L] i *\ run ii t R ri iok h avci i. 
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J he Broukiiflvtoexperiments used brgh-rncrgy changed pious 
from a target in the cosr natron which were directed into 
a Hi|uid-hydrogcii bubble chniuher with i sapejmppoaed )3kip(ttk 
IsehL I he midair interactions of the (dons with pro to raw. in the 
hydrogen ^ jai t lyrge- yield and many kind* of particles were 
products), Photographs of the charged-particle tracks were unn- 
tys;ed to detenu i in- their momenta and to identify (he part ides. 

I’Im 1 new particles were of two basic types; k mesons with 
maiss i, [Lines less than nucleon mass, nmv called kautw; aud 
ftjfpvrtw*i willi mouses greater than the nucleon mass. They 
were observed to be produced in pairs in n “fast" 1 unclear inter- 
fiction and thru to separate and decay at a much slower rate 
associated with the weak interaction. OccaaitmtdJy, one of theiie 
new particles in fLi^lit would have n strong interaction with a 
nuder.m F producing still other kinds of particles. An early and 
typical example of the associated production of two strange 
particles itkservnl at Mrookhaven in 10M was I lie production 
of two previously unknown nenlral particles, the A-mto and 
(he lambdA-KcTo, each of which decayed into a pair of known 
churged particles. Thin example is described further in Chap. 0 
and illustrated Eis Tig. 11.1. 

I luwe pa Hides were called strange because of their unusual 
behavior I hey were produced in high-energy colli.-ions of 
strongly interacting particles such as ptaaa arid nucleon s h wiih 
a fugfi pro!lability i Ter!;► ■ cross Miction) compatible with she 
strong nuclear inlemctlonL (he time associated with such a 
strung interaction is thal required for a particle having the 
veliH-ity of liglo Lo Ira verse a nucleon, which is of the order of 
bt - 4 see r Yet the product strange particles had very much 
longer lifetimes* rlrtayisg into lighter-mass product> with life* 
t]iim ft of 10 to IQ _il see. This indicated that the decay process 
wa* not :i fij.nl nuclear inleraction but a liiueti weaker in rcruel a in. 
The nili l1 1 si h of [his evidence, which led lo ihc new conservation 
principle called rtrnntjem* t is distuned more fully in Chap. Eh 
During Ihese years four classes of strange particles were 
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identified and fitted into their slnmgcnr-ss“ categories. The harm 
K wore mesons with mass values of about half that of 
nucleons and conslsteij of positive* neutral* and negative mcm- 
bers. Threc <'lass*werc found w 1 1 t<;1 3 were heavi et Mian inidi?on n 
( called hypernu), with ascending mass values. The first is ! In 
neutral lambda-EerQ (A 11 ), railed a ,1 ingtei since si occurs only 
in the neutral form. Another is the sel nf three lignin particles 
{£) (a triplet) with p*,m lively charged, neutral* and negatively 
charged members of closely similar majis values. The third is 
1 he xi-particle (jlL a doublet wil.h neutral and negatively charged 
members. 

The existence uf the H?i-zem fo*) meson, whkh decays info 
three pioon with a very short lifetime, was proposed in ISMiG to 
es p! el in I he observed energy distributions of pious coming from 
very-high-energy interactions. And one further class of hyper- 
ons. Lhe oroega-niinus (fl“) frigid, was discovered in IDfH wilt 
el mass higher than all the others. With these, there are now six 
classes of particles to be added to those listed in Table I, Their 
mas s vnlLies„ quantum an ruber*, and otliiT dlsl m^udiing proper¬ 
ties iire now well known. The original imii xtnmjr jtartidw In 
describe ihese new classes of port ides has become obsolete. The 
term survives only in the use of flic principle of conservation of 
strangeness in I be strong interaction.^ which is i lisciis^cil in 
Chup r U. 

ASTtPA ItTl f’LKS 

Another exj*cri i runtol breakthrough came with I be observation 
of auft pro tons and anti neutrons with the ff-GeY be v a iron at the 
I"ii iversify of California in JUViT. The exigence of Lhese ;mli- 
nudeona was anticipated a* an extension of the Dime theory 
which had predicted the existence of I he posil rora. Til* Iw-vatron 
had I ice11 designed i.o reach the necessary energy thresholds for 
} irt.nl uct i on it T anti pro! on s a nd an t i neut r 11 n s. E v i de nee I ha t u u L i - 
protons [p~ l had been produced came Mi rough observation (if 
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rmdtj prong slam formed in u liquid-hydrogen bubble rhutnW 
v. h. i. the anti pa rinks were ilmved ilr>wn siifticientk for them In 
combine wUh a normal pml oil. Tin? total energy in the observed 
ionizing fm^dieati from the stajft (plus the noniotuzing neutral 
pari Me* which were assumed also to he produced) was far greater 
Umn the energy of I he incoming particle- and could be explained 
only by the energy of annihilation; a typical proec^ U 

P~ + *(f*) + x{x~) + y(w*) U<H) 

w here the mjus energy of the two protons (plus the incoming 
kinetic energy) h shared lie tween the mass energies and kinetic 
energies h■ F j' paiR of charged |lions and y neutral [mms, Thi.n 
(■\aiiipk is illuslraLed in Kig. Ill,® find the process is discussed 
in more detail in I 'hap. IP. 

1 fns evidence juslilies the generalisation Ifaal for each 
particle then 1 will tie an anti particle „ differing in anna? funda¬ 
mental way. When thf? particle is chained, the hu lipnrlide 
has upp>►site charge, fur example, the ^ is the iintipuriMc of the 
M i and the n is I he anti par tide of ihc r + . Neutral parlicles 
also have anti par deles, ehn ruder] zed by reversed sign* of the 
c]iwitkim numbers fur particle number {see rhap- 5), isotopic 
spin (I "hap, H) f and strangeness (Chap. {#}. Antifmrticks are 
presumed to have the same inttft* Values as their particles ami 
the same lifetimes (in the aljwnce oF other inLeraction.s), When 
condition* allow, mi aiilipartide will combine with iU normal 
par tjide I win with lie- release n.f their total energy in other 

forms of energy. Annihilations have been observed for positrons, 
negative protons, and anti neutron*. AnU particles have licet] 
observed experimentally or are assumed for most of the known 
particles, llow i ■. * r, there are exceptions to I his general rule 
Unit eudi particle has an an ti pa rticle. these exceptions are the 
imchitrgcd bosons the y + tt" , and !j u ; for these three particle A 
MirTc is no distinction between par tide and antiparticta- -they 
are their own andpnrticks. 
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The accepted symbol to describe aatiparlTrlcd in a bar over 
the symbol for the particle iLc.* A" 11 ). The symbol h nettled 
and ia consistently used for neutral an tipar tides. However, 
for m fitly others the sign of 1 he charge is sufficient identirtc.ition 
{be., <r\ />”, g + i *~) and the bar symbol i* nol necessary. In 
the discussions and analyses which follow il in used only when 
(he distinction is essential to the argument. 

CLASSJ Kill ITMJN.S 

At Ilu- present time (1!H37), Lhe number of particles which can he 
di^Mnguiihed through their different mass values, different 
charges F nr sonic other basic ipiarrUim tiiiiuUw is 90 gn*a1 that the 
term i'tt'mmtnrif is hardly justified. The present belief of mosl 
physicists is that few, it any, of these particles deserve (he iillc 
''clementary, 1 " The simple concept nf u few elementary particles 
of which all composite *ysU n*j are formed is giving way to a 
nnire general concept 311 w hich uU particlcis are cnnsridcrcd similar 
in being possible states in which energy can “condense/' that they 
differ in the properties ihdmvJ by n limited number of quantum 
munhiTs jvnd sclccl inn rule's* nod lbs l I bey : 1 n■ nil components 
of a feu simple systems IihscJ on broad syuimolry principles. 
This concept ia discussed further in (’hap. 13. 

However* there is still a dcaire to classify and tabulate those 
pur titled which an- il.iv cJoseM tu Iming clefnciLlary, those which 
have lifetimes sufflcienllj long so I hey can be observed experi¬ 
mentally as en Lilies in counters, bubble chambers, or phnio- 
graphir- emulsion^. Most of these particles have lifetimes in Mn- 
ntnge li> _n |u |Q- |L sec. This lii’tit- is sufficient to allow the short¬ 
est lived Lo travel a few centimeter* or a few millimeters. X few, 
such its the ft n , have stiJI shorter lifetimes of about 10 -s " see, which 
can be niramin-d by as r nf gpeciid e s peri men Nil techniques. 
This character! stir of emtefnc :i.s end Me^ long enough for I heir 
proper Lies lo be observed and measured allows a soiiMjwbid 
arbilmry selection of the 1 Vili^c-rvabl^'" particles, which are 
presented in Table 3 on pages SO anti 87. 
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Jhr observable purl ides cm bo separated iulo four major 
Classy w Inch form a rising scale of macs values. These dusses 
arc /rpton* i«m, and fccr^rt, Two of the groups aw 

frrmum* (lepton# and baryoHsj with half-integral intrinsic spin 
Umt .<*** I'- hernti-Dime statistic* nnd the Pauli exclusion 
principle. the other Uo groups are feaittfi# flhe photon and 
iucsousj with *cro or integral spin that obey the BoacEimrtdn 
slat.isl ics. Kcrmions arc subject to a conservation principle by 
wJurfi they cun hv vr^nU il or destroy**] only in conjunclioTi with 
an anti pa Hide of f he same <W For example, when an declron 
IS from II nudcim in n. In-la decay process, it is accom- 

IJiimcit by mi un 11 neutrino This conservation principle does 
" Ql ri|, i tlv lo hos ™*: ** ns charge, angular momentum, etc,, 

J,rr .. wiH t*? treated in any number allowed by 

rt " J,vril|ill,!r ,,,l " r «. v - »•* trinplr. h mesons can decay into 

l " ,t " f ih “* lighter mesons, But if a boson r!( W s into 
<-I *V lh * 1 mnHl hr irihj iwo one a partirff and mv an 

luiUpjirlhfr. 

I JiMr - iisLsihnsi- pjirticlrsyritli tiMinus greate rtJnui 1U If s^ 
Jit,d tt, : ir n, °^ i'HIwrtant parties. These proper lies include 
i":iss I in -\Je\ mills], intrinsic spin, parity, isotopic spin ami Ms 
M l ompoUeiit, bury.it, niimW, lepton number, strangeness, 
Imlr-life. and the prinvipd modes of decay. The electric charge 
“ "" fl,,|lt, " , >■> » Wpamipt (*■, ” «). on l|,c pariivie symbol; for 
voijWNiviiw the charge symbol i.s usually omitted for the proton 
( t » a, i,J electron (n, The four class** of particles described 
uhfJVe st-pjir.ited by solid lines in Tabic 3, Symbols for the 

milipnHides arc indicated in the right-... side in the column 

of symbols. and the values of those properties which differ 
between pari ides and an tipartides arc tabulated on the right- 
hem,! side of the appropriate columns. One purpose of this 
survey is to describe these and other known properties of the 
pur Livies listed in f able ■£ and U, discuss the currdat bos and 

sunn* of the more definitive experimental evidence for these 
properties. 
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KS JVcrlidr Pliyjocsi Tile IEnergy FmnliiT 

Tlir mini her of tiLtenttb!? particles listed hi Table ^ in 35; 

in cli ides Mi pairs of particles and mill par I ides and the y t 
jr \ and r?" which ure their own iiniipHrtides and arc counted only 
11 nee. There are reasons tip believe that this list of pnrtides 
with life I in ics long enough tu lie observed ils nil iritis approaching 
cutnph-Leness. Never!heirs*, the number is clearly so large Miai 
thr le™i 'Vli-tsientary” is hardly justified, Bui lids UtlnilaEinu 
docs have a type of uniqueness. Each of the strongly inter- 
acting | in Hides hated (rncsoitsancl har.VQUtf* which are collectively 
Cidled ktitfrrmit} has the lowest allowed value of intrinsic apin for 
lhe class fi .f -_ 0 for bosons and ■ for fernlions), with oml* exucpl ion* 
the ft - which has a spin of if. Ilimiter spin .stairs- li.e.. 1 P 2+ . . . 
for Imuons and ■], ?] p . , r for fermions! occur for the resonance 
slait'-s discussed Jn t It n j>. 10. width ?trr n<«t listed lie re. 





CONSERVATION 

LAWS 


CONSERVATION LAWS ARE RAHU LAW S OF N A Tl'RE which have 

berri formulated Iiy scientists to B *ear]ilwi11' 1 wh3 somf processes 
crf^-ur in nature =uid others do nf>l occur. They arc csKctilhd 
hrsi steps in the search for order and fundamental principles* 
The lirst lour of these cut]nervation taw r s were recognized dur¬ 
ing the era of classical wience to explain I he Jarge-ijcaJe phe¬ 
nomena observable with the- crude instruments of a hundred 
years eigo r These classiciil Conservation principles describe the 
conservation of energy* of linear momentum, of angular rnomeii- 
liitn, and of electric charge, fn order to formulate these law* 
scicn Lists non Chived and defined such qualities of matter ns 
energy, momentum, and charge. Method* "f measurement of 
these qualities had to iw devised and acre]liable units established 
Uctm^iuEiulSy, with new experimental evidence, il has been nec¬ 
essary t.ri revise or extend the definitions to n-E j-i i ji I he generality 
or "legality 1 * of llic couxiTvalicjn law-s. 

These laws arc formulated by men, and the qualities of 
matter required to express thcJ 1 Mlrc Concepts of the liunum mind. 
Ne vert UcEcsk, they serve Mu essential purpose of providing simple 
descriptions of the com plicated even Is im- observe. The test of 
their validity comes in the consistency ?tnd generality with which 
they predict and explain ohft»rva turns. The four conservation 
laws dating from the classical era of science have served us 
well r V\ ! t li oyr present definitions and undersUindings, there art- 
no examples in nature in which these lour conserve tin u hi tvs are 
violated. They are as valid in ihe interactions i.f single, high- 
energy particles as 13try are in the macroscopic world. 

rnXSOVVTJOX ot KM-lt<;i 

In cJasstenl physics, the concept of energy oinNervation became 
possible when heat recognized us a form of energy. When 
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the temperature of an objecl was identified with the random 
Ilierrnil motions of itis molecular components, it became possible 
lo 111 1 1 iri«“ thermal energy uml to measure the mechanical equiva¬ 
lent of heal, tdher fornix of mcchardcal energy, such as the 
kinetic energy of motion (^n?i i= j and the jail ml hd energy due to 
position in the earth's gravitational field (mgAj, had previously 
hern ri-cogriissrd and correlated, The Srst statement of the law 
uf conservation nt energy was that in any rhwd mechanical 
system I lie sum of the kinetic, graviLethjcial, and the ms a! Clergies 
rriiuiiiiH i%i tistanl. 

U lirii Mil- energy involved in chemical react ions w;ih recog¬ 
nised and became measurable. 11 a i l potential energy of molecular 
bonds was added to the list. With a growing understanding 
electromagnetic phenomena* the energy stored in electric and 
i imjim-1 ii * Jii'LiIs tvjis imdiidtsl. The development of atomic theory 
added ihe quantized energy fttates of electrons in atoms. The 
lighl quantum* photon p emitted in atomic transitinns was found 

in i'ii cl i i -tLsi 'in 11 itve a 11 i sc retr energy, A - h t?, who re ft is 1 J La nek 
const ml him I i j is I hi- frequency, Energy was observed to he 
conserved in the excitation of atoms and in the radiation of light 
from atoms. Then, with the theory of relativity and early 
Hludies uf i l11hl ii[- disintegration.*, it became necessary to include 
He-energy ji-iiicialcd with mass through (lie Einstein equivalence 
reh&Liou, A rrr---. In i Us presen 1 funn the Law of cun Nervation 
of energy includes the energy equivalent uf mass of all components 
involved in cm in Israeli on. 

In applying the conservation law- tu nuclear disintegrations 
ur liii^h-em rgy particle interactions, the gra vilalii m-th Ihermcd, 
am I clu-tniital energies ore so small that they can be omitted 
from the energy balance. In nuclear pbyries Hie niosl common 
form <«f tin- cor ** rvation law is Hie Q-equnriun, In a unclear 
difrinb^gralirm such as a + b —► c + d + in which the incoming 
kinetic energy is T m and the products have kinetic energies T c 
and Tj (the target h being al rest)* the energy change cotnes 
froai tin- change in re*i [Tiass 

Q T- + T if — r t « [(m, + m+) - (w?., + mjjie 1 (SJ) 


Particle Plir.ijtnt Hie Ifi^h^lniT^ Frnulkir 


Energy chan# Q is positive (i-xnorgho if mass Hccroawro. Q 
can be negative if mass increa-w&. Jn nuclear physics the units 
commonly used Tor killrtlr energy are mil] i cm elec Iron volts 
( AleV!. M rt show :l n-1 ■ vpressed i 11 u Lornj<- 11 m an u pi i Is (am u i fc wh ieh 
ftrc the masses of I hr neutral utumi! involved, The^mum ,y 
Hie mass uF a neutral l) Ln atom* on tbe physical* mass scale 
in which l mule of 0 18 = l(i unoti \r. The conversion factor 
is 1 nsmp - & 3 LHI Mi-V (see Chap. hi. This mass scale is 
I'OhVraient since most atomic mass value* nre given spproxT 
rp lately by the atomic number: that is. m w - LWJHUa amu, 
jw F3 m - 4 , 00 ^ 73 , mci f - IS. 00880 +, etc 

To particle physio* Liu- method of uliliy.ing the energy con¬ 
servation principle in even more din-el. The (/-equation is 
the basic form illation and relate* energy change to change 
in mass. However, since in particle physics w«-deal tviIh single 
parLadr-S t the particle masses are also expropel directly in MeV 
unit*. With both energy and mass expressed in MeV uniK 
I. he nu i u her c if sy in bo Is and the complex it y i d t he rt pm 1 i i m s can 
be reduced, For example, the relativistic expression for total 
energy nf n particle- nf rest muss and kinetic energy T is 


E 


mo* = 


mvc 7 

( I - r 3 /r"J* 


+ T 


( 5 . 5 a) 


li.v using MeV unit# for both energy and mass, we have 

E * m - “ m * + r am 

Ht-rn w« have udupW n err invention in whirii L hi- velocity fjf 
lilflif c I amj l lie velocity of the [»art iiie is expressed m- h 
tlinteftsianlesj* quuiiiilv ,f r <■ which is atwsiya smaller Mum 
unity. II uill In; convenient to make measiejncil nsr uf tilts 

* X»tr- that (hit di/tn fr.tm ihr "'rhrmieiit" ntaut unit in whir/) 1 mult nf 
=* 13.0000 e. 
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system uni Is its which thr unit erf inztss is l MeV, c I, and 
/J < t, in order to imike formululions more concise, 

Ida typical high-energy particle in ferae linn, ti + b —* c + if, 
where I In- uiftss of ojm: of the product jjarticlea (iiiy c) is unknown* 

\ lie f/i ipiJitinn gives 

nt r = (m., + fflt) — m <i + T* ~ (T= + Tj) {fi.j) 

Excited particle states or resontVUtt* Sire eharacteriicd by larger 
mas* values than fur the known (observable) particles* The 
magnitude of tin excitation of Mich a heavier parlirh* \s given 
by lhe ,l imbuing maKri" calculated from the ^equation when tin- 
rrf | hi- normal particle in cdHUtEird, 

I ei ; l r i interaction in which the product part idea have greater 
mass lli an Hu iuculcnt particles* there will be a threshold energy 
(/' u )„„il below which I hr process cannot proceed 

(T m ) m HIr. > (wir + my) —■ (w* + m*)* { 54 ) 

\1 llii- threshold llu* kinetic energies of the product partiHes 
wkll hr zen i, hor ex»iiipk>i us ok^tron-j juir production by pho- 
biii.t, w hich enji occur only in the presence of a nuclear field N 
(Inf other conservation laws), the photon energy must 
ei|iial or exceed the jinm* energy of the pair* which eh l.Qfi Mi-V. 
The promts cun l>e written 

T + N -* N + c- + ft { 5 J 5 ) 

In the defray of a particle nl rest, after it has been slowed 
down by c-ulli&ms with other particles or b> Limitation, into 
two nr more product particles* a —* r + rf + - T wc have 

iTT,. fa* + JTTif + - - ■ + Tc + -\- 1 * ‘ (5*6) 


a .Sw . r Vi, fyih.'liifrp M'rti *}rt fur tk? renwttt. far skr tnvqtui&tjf. 


W J J arlirlr Phyflic*: Thr I hgli-tnc-r^ Frontier 

I he 5SII1H of the masses of Hie prodnel |s«rlicrlc^ miiat hi- le** than 
lll! ' Nirt-SH i>f tin- parent particle for the decay La occur; rtf her wise 
i,)ie decor mlrt this v l nf prodm-lM is forbidden. 

It itai^lit be argued that the vaJidM>« of the law of can- 
serviiiioii of mm energy is n oon^qtwnee of out definition* 
Awl that n!l we have nccoinp] islu-iS i.s lu define 0 rtairj qualities 
of nature which obey this law, This in itself i-. a major iutel- 
lechiiiJ triumph in filial siitli a simple hvj nil lie sis cun explain 

and correlate an many diverse phi-iu.na. We are certainly 

justified in assuming thul I his Isiv represent?, it basic attribute 
of nature* 

CtlVSKIIVAIJlfiN UK | \XE\K Mini KM l \J 

Momentum is defined ms the product of mass and velocity* 
wlu-re the muss ts the total h is a vector ipmutity* 

P ■ r ^ v f 'dllj ifis direction the same as I hal of (he velocity. 
In imy inluraH,i<jn which is free from external influences it Ls 
observed that the vector sum of tin* momenta nf the in tempting 
fofxlirs is conserved, or the compariciit# of momenta along (lie 
three linear coordinate axes are conserved in rill three coordi¬ 
nates. I lu' generality and power uf the voucepE berome evident 
when I lie ri lumen tun Ha *t\ st- r v El 1 km prilHple is found to equal ly 
vahd fur elitstie cdlisiunji in which energy is mu served mid fur 
jriehudic cullisjutm in which much of (he incident kinetic energy 
ia dissipated through f riots on or excit-ulmm 

As u simple j]lustratum from classical physics consider the 
Elision between particle a in motion with velocity e* along the 
X eooniiiNile and particle b ni rest; particle a is scattered a! no 
angle 0 in Lhc x-jf plane mid particle h irclmulid? at angle rite 
conservation of momentum in this process, can he written 

Pj = WflCu = m™*:' cos P + rrr A T^ eos & 

p* = U = piuP^ sin sin $ 

p* * tl 


tf-T) 
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when- Hie priiiies indicate vd^ritics following the collision. \W 
iitMi' i li.:i ^ i h-i' angle $ in in I lie same plane 10 1 ]n- angle ff; the 
transverse c omponents of monirntum are ec,|ii!*J and nppctfite. If 
lln- colhkim is daMic and rru-^v is also conserved, there is the 
additional condition 

**** = ( 5 ^) 

When OtU rein l inn in included in solving the momentum e*|ua- 
I ions, ii fs found ihui there is only ope m>\ nf allowed values for 
9 smd iff, 

The rolli.sii m of billiard batU which ta commonly used in 
mechanics lei Is. In illustrate the conservation of momenium is 
rml in i i den I trample since the directions of the rebounding 
hsdU sifti i ■ dlision mety \n i affected hj their sjji m and by Fric- 
lion wil Ii I he billiard InlsJe. However, ii is si ill a uswfid visual 
I'viimpli' of l lie conservation of linear momentum in two dimen¬ 
sion* (sec Fig, 5.J). 

For pur I kies with velocities approaching that of light, relu- 
li visf.tr formula lion* el re required to specify llnir tiMmicntzi. 
We hjivi ildLiiid total energy H = flrrc 5 = rtt^r 1 + 1\ where m,i 



Fig. 5.3 liitfwrd Imll mpwt ittmtrntifttf iM*rwrrr 
tof wxrpif, -1 M,yJ = Jwejy + =J%iy r and 

t n a r 4 — m n i^ ca# ew# 0 . 

0 = Ji'pt & — At'n 0, 
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i> the n-M fjiiiHsamd / ts the kinetic energy* riinififll!y ! llic: t r c^xi- 
nrrlinri 1 ielwet-n total energy and momentum \s expressed by Ihr 
$1 ft lei i lent 11 1 *' magnitude nf the momentum fcmr-vi'dof is 
Constant" This rein1it.ui was derived from tin- definitions of 
speeud relativity as Ki|. fik*Oi. il ran hIm. he writL-ii 

E* - p s r s + [5J) 

HtJviug for liir nimneiituni 

/' = ' I^ 2 - tm«eW * |;inr + {5jo) 

Tlw 11H3minium is Kero wfen tin- kinetic i-ult&V is Kero. regardless 
of rest inii^^_ For :t pur lie I. w ill] aero rr.il uuiks, such as the 

neutrino, 

A 1 

p & 7 (All) 

E liotcirrs also have momml urn. J'fje mmi ecu I nin of n fli<\ 
uf light ‘I iJiin tjj iiNixiifest^ i I si] f as radial ion pressure urn! is 
ja>>ijiiirrj Ph r^ponsihje f-ir sutli iNriemseopii phenomena 
l lm idre.iimiig -if LI riinsrl^ tail uwn.% From Urn.-mi. In particle 
physics* llie individual photon# entering nr emerging from inter¬ 
nets ns iu*e treated us particles with aero re^l imtss, velueUy t\ 
energy E = A** and mu minium j? = ft t \ 

Fik the analysis ol high-one^ purlketr in! cruel ions the 
eunsorvid ioti of nicmmnLijni a powerful! tool. IHihtvhUuh nf 
l lie utiglc.s of emission nf I lie prod Hi 1 1 particles sun lie used I" 
determine the inonkciitum uf an unknown, product. < utisider 
iigaiTk I lie interaction a 4- 6 —* e + rf„ in which one of the product 
particles ps unknown. I lie known imamiing luonienluti] raf pur- 
lit-lr a establishes u coord ikisitc direr Mon from which angles 
" and 4 wri measured. In I heir dm plant form Mil- momentum 





(-uiimt vaHrm Lams It? 


r^-1 a l i i i n d uev 


p, i = pu cos & + pj cos 4 
0 =■ jie .siit 0 — ps sin 4? 


(ti-Wi) 
f 5.13b) 


Mermnrein* lit nf both timj ^ will determine the momenta p r 
-um! /■. Or, if one \m rl h.-Ic (*uy tl) d not detected because of its 
Im■ 111ji4 uncharged and nunifinizing, meaauicmi-rit of I*alh l.hc 
nui*\*' t } am[ momentum p r oF (he observed particle will idetormine 
ImiiIl i hr momentum p lt and the angie # of the nvntrul par tide, 

1 fi order to del i-rmine the energy of nn tin known particle 
limn 1 in format ion i* needed, specifically its mass. Then, if rest 
\m*» : L rie| momentum rtrr bulli known, Etp (5J) can be U-sed lo 
1 1H cm line its. energy r 

In the preceding M'ctioii we ilEscu^sI energy conservation 
■ Hid ! hr requirement of a zninjiiiiiEu " I lilrshnii P" energy if the mass 
■if Mm* product pnrlifles exceed 1 ' I hat of the indd+nl particles 
[wv tCc|. {SA}\+ Hie conservation of momentum puts another 
restriction on l has threshold energy. IJuly :i pari of the incoming 
ki lie tie energy can be transformed into mass, Some cm-rgy of 
"t "'!'111 musk remain lo conserve momentum, and this aru-nuiil nf 
i> i n\i available to crcale 4irlitltiormt mass. The ninnicn- 
i u i >• equaling H i and the energy equal ion must be 

soU ed hiintdtancoU-dy to determine the threshold kinetic energy 
! 1 ■ r prod in I ion of a new, heavier pari irk', For example, when the 
he vii Iron .i( the Ini verity nf < 'nlifurniu was design ft I, energy 
nf r:.0 itiS was chosen to exceed I In- threshold for production nf 
pm (mi juilipmton and neutraft-ttrttmeftlroh pnirs. With prn- 
(11ns bnmharding a high-Z target, to create ji nucleon-anti* 
Tiudrori |hi ir 'total md-mnas energy 1.3 GeV), the threshold 
kbrtlc- energy mm\ hr 5.4 iicV. In other wturds, the energy 
available for Ihe creation of new ur heavier piirtieles is only a 
fraction nf the incoming kirn lie energy when the target is eiI rest. 

jH nniiuvi- tin- aimer liinit.it ion, (hi- Iridiniipn- bits luxm 
pro pilled of ■'I or mg circulating bean is in magnetic tftfimgp 
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m opposite direction* umi directing them into head-on collisions. 
FW crolliiling particles having identical musses and energies, 
the total m^mentnin in the laboratory is zero* and Uleir total 
energy m available for excitation or production uf new particles. 
Kitclron-poritroR colliding beam fiteiblies are under (tnistnietian 
nl several laboratories, ntnl :i protob-praton storage ring is 
being ecuiatructed at in Geneva. 

A variety of instruments and experimental techniques are 
available to observe and to measure particle momentum. The 
most directly applicable trnhmique is based oil Hr motion uf a 
charged particle in a magnetic field. A i-hargcd particle with 
chargc-to-iuafis ratio r/m moving al ctinslanl velocity i in a 
direction transverse Lo ii uni form magnetic field li traverses a 
circular orbit of radius r* Tie momentum i& given by 

p = m.v ^ fHr (5JS) 

l Ii is relation feir the momentum is valid for relativistic velocities 
as well a* for low velocities. So ntfaaurninenl ri-f the radium of 
curvature of si charged-particle trajectory in n magnetic field 
determines- i U momentum (see Fig, 5.S). 

The cloud chamber and (lie liquid bubble chamber are 
part icularly powerful tools. To n clem I chamber, ions formed 
along llie particle trajectory in a *tipt^alurated vapor are Uie 
(pondeosatjon centers which produce a track of liquid droplets. 
In a bubble chamber a similar track of gsis babbles is formed in 
I lie liquid. If a magnetic field i* ‘uipen m posed on the chamber 
I he tracks cuf 1 fir charged particles wall be curved. The tracks arc 
photographed stereoscopical ly and the photographs are ana¬ 
lyst to determine the radii of curvature In the in ague Lie Held. 
T Echurged parlides leave no tracks, If an ionizing track show* 
FI. sharp change in direct tan, ti is presumed Eluit uti uncharged 
particle whs formed in an interaction at this point. If an 
incident neutral particle has an interaction lending Lo two charged 
particle*, ihc vertex of the V event shows the local ion P and the 
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Fig , S.E IIIusirtdion u/ */c t f7ri r, r t f .^peral tifjie* nj 
•■’httrgud purticfr.t in rtrrub.tr i ithih in a uniform 
transverse magnetic field It. Orbit radii art deter- 

f + m a # 

mined hy -partirU mame-nUun: r - - Tiitfocuajnp 

ft 

pmpfitfif ttf IW/ 1 dffirrtifw m n maprwtiti Jirld j'.v nl™ 
illustrated. 


Inn 

mun.^ 


hiikace nf transverse itnumsnta identities the incoming direction 

of I In 1 tic-ulnd purtk'Le (see Fig, 4 fi). 

\n-ith«-r Eecliokjue which is useful in identifying particles 

If inen-surmiarnt nf I hr iiJhi^FLlliJii simply fthmg the truck. which 

<lt|ncnls mi par Ur Ip velocity This dcrmty can be determined hy 
uu^uri rig the number of developed grains per millimeter in I lie 
photograph it? record of the track, Pari ides wilh velocities 
approarfiiiLg Unit of light have tUe mhumuin density, mid midi 
"IIdii" traeks are giuio rally llmsmrf light pari ides such a* electron*. 
Slower parUch'.s have premier (rack densities el in I are usually the 
heavier pari ides such us buryons or melons, The relative ioniza¬ 
tion density u.s a function uf piiHidc encrgy in shown in Fi^- :S for 
elei Imtiri llemI for pndons; llic curve .for melons lies between these 
oslirnies. The combination of a momentum measurement in a 
magnetic Judd with the grain ileusily uf Mm trag-k usually provides 
a unique idiuittEcatif.ni «f any of Ihy known parlirfis. 

The. . of an unknown particle produced in eiu interaction 
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f’lK- r> '3 Rtlatrvtt ntnktAfinn denniitf tjy a function uf kinefir 

for diktirnm, tutiona, and proton*. Elttlrrtn* f tf mtmut S-AfrV 
fM'njif. muon* rtf aW Im AftV, nud proton* of 1000 Mti product 
m ittim tt rtf j'rm r Ititiun* 



van he ildmniiied by nmil y sis uf the momenta ftod energies of 
a\i rif the particles. This analysis requires the use of rdn- 
l i vis tic formulations and t hrir-dimensiomil geometry. The geo 
metrical ariiilysis is gem-rally simpler if ihe Inbaral.tiFy observa¬ 
tion are traurforiiKit into the coordinate ay stem m which the 
center of mass M) of tlir particles entering or leaving the 
interaction in ^L rest* The technique- anil coordinate irmsa- 
formnUnn re la I ions for .such relativistic kiucrmilte tmalyafes are 
discussed in several te si books.* 

CONSERVATION OF ANGULAR MOMENTUM 

Another quality of mutter which is conserved hi any svstem 
free fruui reternal influences is the angular momentum of rota- 
Uona] motion, to Ha^kul physics* the combination of variables 
ivhich defines the conserve d quantity is mvr r the product of the 
linear momentum wn and the dkhtnee r l.u l 1m- \ix\- of r«.ration. 

I he principle .<r ru-uscrvalidti of angular im mien turn was ilrsl 

* riJin 1 A, M, U'aijhf^ 'TftfJjVion Thtitru ,' 1 H'rJj•«., .Vrvr J- faJt, 

IWfr 
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recognised m and applied to the rotational motion of median kal 
systems, Many simple and familiar examples gocfol* in which 
friction and other dissipative influences are small enough to allow 
direct observation and measurement of the singular momentum. 
For example, . i small object of mass 7?? which is swung in a circle 
nn n Hiring of length t arid which has i iiNtantani-iiui linrar velocity 
r ha > angular m omen tun mmr. A light weight wheel with a heavy 
muss m distributed uniformly around the rim at radius r t which 
in rotating nn its axis with a run velocity r. also haa angular 
momentum mvr (see Fig. 5,4). 





Fig. 5. t ,4npH/ar mgw«nndR m.%t fnr a hull an a 
rtrittp, or far ci bieycU u'hr-d s it iUwtlmltd faf a r.retor 
afnntf the tin* tff ratal ton. 


Angular momentum is an axial vatfor quanli ly ¥ unlike linear 
runt iicii 1 1]mi which tsa polarwdor. Thu dim;I km of ilii' vector i-t 
chosen 'by nmvetiiiuEi 1 to be along the axis of rotation and point¬ 
ing iti I In- dictation of advance r>f a right-hand screw. It can 
b> i 1 lij!>lrjilci| grapilii-ally hy an imm pkillrd ah.rag lha ants of 
rein lion in the defined direction which lias a length proportional 
tn its magnitude. Ikith the magnitude and the direction arc 
given hy the vector cross product of m\ and r. where m\ is the 
vreiur linear muiLitrnhim and r is Ithc radius vcclur from the avis 
Ir■ 1 lie loculi 1 m of \hv mass, We will use ihe .symbol S for thi', 
vector angular momentum 


S tfiv x r 


(5.U) 
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Angular momentum exists for objects of any simp? and for 
im»Li«m 4ibrihjI any axis, For rigid objects the rnUtionnl fre¬ 
quency is 11n- mwv for nil parts of the object. For any small 
part of the mass dm at radius r whic h hrts linear velocity v> the 
frequency is/ i*. 3irr b ;lii«| I be increment of the angular momm- 
lumdS for this iismsh dm js dS dm vr $ wft * dm , The angular 
momentum fur the entire object can be obtained by integrating 
over the mass of the object 

S = I T* dm = Sir// 

where the integral / ^ r 3 i/j-jj is ihe moment of inertia, 

Object* of the sjiFiic muss hill id different shapes eon have 
widely different moments of inertia. \ decrease in radio# of 
*rmu? pillion of a spinning body will reduce it - mo men I of inertia. 
If this change in shape is ncroinpushed by internal forces the 
relational frequency will change tu keep llie angular momentum 
constant, For example, if mi ice skater spinning on the Inc of 
otic sknle ^larts his spin w ilh arms extended, he ran speed up his 
spin dri Hindi rally by pulling in his arms. The orbits oF I he 
planets ar<“ e llipses with (lie renter of muas of the >un and planet 
eiI one focus. Asa direct consequenceof Llie emn#rrvAlion of angu¬ 
lar mDinenturn, the It near velocity varies with llie radial distance 
from the -siicj * hiring higher when Ha- planet is close and lower 
when il is far I her removed. Til IN fad i s expressed qua nUt# lively 
ill Kepler's Uwx of planetary motion* The direction of an 
angular-mournntti111 Vector also remains f mjffca.nl unless changed 
hy some external force or torque. This property i# utilized 
in Un gyroscopic eiiiupjos. whic h muinljiiiis ]I^ direHiou in epuei* 
if it is supported on Met sun-free bearing# and gimbals, regardless 
of changes in course of the ship nr aircraft on which it i_s tummUnL 

Angular momentum ears also be did I tied fur a My#lem of two 
or more bodies, as the vector >ijni of cheir separate angular 
momenta about a common axis such ns one through the center 
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of Tini.ss nf Hie syt+Lcin. If .some of the separate angular momenta 
UTr clockwise about this axis und others are coi i u torch »rk wise, 
they tend lu camel. In lhr mse uf two Identical objects in 
counterrotation about the same usis with tin- same angular 
frequencies anil the stime moment* of inert hi, Hu- total angular 
momentum h zero. Angular moriiciiUim can be transferred or 
exchanged talween two objects within a system if they collide or 
interact. For example, if two skaters on opposing court's touch 
bunds as they pass* they will both be >vi into rotation with equal 
m id op petite angular momenta about- an axis through the point 
nf contact. 

In the mechanic :s I world U i.% difficult lu dr vise a moving 
system which i* completely free from extraneous in flue net's or 
forces. The sum Her the dissipative forces the closer I he system 
approaches perpetual motion* hut it can cirvcr Ik- achieved. 
I'hr dissipative forces must lie efttuakltifed in the total ha I a nee of 
energy. Similarly, in mechanical system sq external torques tan 
change the angular moment ism, Spinning gyrpseupc* ran rim 
down due to torques applied through friction itl the bearings or 
in Hie air. The more nearly isolated the system tran he made, Hie 
more closely does its angular momentum re sun its eon st ant. Our 
conclusion that riiiguEar momentum U ahrmlulely cos served is 
based nu n tong sequence of experiment E studies and observa- 
tions of increasing precision, With experience* 1 his conservation 
principle lm> become an sdidl* hfttfd a* any of the laws of motion, 

AN(ilU K OM EffTUJVl OF FART IDLES 

Angular iimmen l.iisn h also confer veil in the motions of the par- 
IicIcjh constituting an atom. 'Hie intrinsic spin of a single par- 
tide about its own axis is urn- ty j.m■ of angular momentum; 
another lyin', is the orbital motion of the electron around Hie 
nucleus. In a complex atom many electrons are involved* and 
Lite JotaJ angular momentum of the atom is Hie vector sum of all 
the spins and nrblUt i in hi inriH. Tin. 1 IhuilirtiuuH placed on these 
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motions by I hr basic pustuhil l-h of Um 'piantum theory and the 
wave mechanics have im mmlerpart in I hr classical deseriplimi 
of to In t i on id i 11 • * I i 1 1 r i. J 11 l he a toi n i r .sy&t etn t En ov a re n n frirttonrd 
nr dissipative fnrt'es, I be eh-cl mu vaiino! lie considered a poiut 
charge or even a upbore of very small size; the position of an 
electron within an slum can be roughly localized nrily willisii n 
distance of Line order of its wiiVL^'h^llL However* 

the itv-ii^Juijrnl of quantized vulnes. of ml ransir spin the elecIron 

and to Slie angular momentLim of ih orbital motion Hint led to a 
theory which in ^JiiiiJclely successful in correlating and raJailut¬ 
ing the known esjieriinerjtid fuels Jilmul the atom- The postu- 
lutes of quantum mechanics have been formulated to preserve 
I lie validity of the conservation of angular minuet] L urn lei atomic 
Systems, Jl i.s truly remarkable Ihnl ihis properly of motion 
ciilli'il angular momentum run play such a fundamental rule in 
fttomie physics ii» well as in ofasdoaJ mechanics, ll justifies 
our conclusion that a ugular momentum is u Fun da mental quality 
of matter rind that, its conservation is a basic attribute of nature, 
I he intrinsic .spin * of an clement ary particle is nit-asurcd 
in units of h/£ b-, where h is I'knek^ constant, Aerording lo 
general qunntutiMiirchanicjil principles, '•pin can hrtvc only inte- 
grid or half-integral value* This is Ihe basic natural unit fur 
arigiihtf momentum and if I he “quantum'’ of qmmtciin mechanic:*. 
The exisle nee of ibis natural unit show* Hull angular i no men him 
is u n ex Ira ordinarily bash: concept. There Ls no equivalent 
natural unit for other qualities such as mass* length, or time, *i \ 
far ns we know. {’beitc intrinsic spina exist Imlh when the juir- 
Lich L s are in l lie free state tmd w hen they are bound in atoms. 

In an atomic orbil nnolhrr postulate of quantum iiu-ehaiiies 
leads to the n^juiniiipui that the electron spin must be digued 
with the orbital spin. Follow mg Ibe Pauli exclusion principle, 
only I unallowed states exist with the electron spin either parallel 
or nritipurnllrl U* Ihe orlikal angular im mien luin, and only hvn 
electron* dm occupy this energy state with * = J and - J, 

r rhe angular monacal um of orbital motion, /. is a|.-n quantised 
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in units of h /Sir and can have only integral numbers of such 
unit*. depending on the allowed energy states and the degree of 
Vec nil tricity of tk orbit. This survey is not the place Tor a 
more detailed discussion of a trunk 1 s true Lure. We iiolv here 
only a few general conclusions Except for the ferromaignetJL- 
ntoms or for the odd electrons iti those atoms with odd atomic 
nuinl^r, the. electron spins are paired and cancel. Til general, 
most of llie orbital spins also are paired and lend to cancel- 
The total angular momentum j p which is the vector sum of l and m 
over ulI the electrons, is itaelf quantis'd with a Nmo.ll number 
nf ■(i:.b11 1 um units. In atomic physics angular mo men linn is 
a "good" quantum number ami is conserved in all atouuc 
transit ions. 

A spinning electric charge produce* a magnetic field* and 
cmc 1 1 charged particle which has spin has t\ definite magnetic 

... as ihougl-l it were a small magnet. The spinning 

electron has a magnetic uionieiil ji* called the Ikihr magneton 

. - = 9.473 X 10" H joulfl/gjiim (5.1*) 

■It m oC 


In a tiNigueLic field B the spin Is lined tip with the livid. The 
amount erf energy required to Hip the spin direction Opposite I.hr 
Held i* Epr/f; if tin 1 electron spin flips bfick B o photon of this 



rip, a,,! Pretoria! niattan r.i f *fdn# or a thTt^-rlff'trmr 

rtlrn». Thr u tf {Hirreti WnrMm in thr u = it uffitJ " Hh l - / CclN bf 
oriented with it* nftitt rithrr ptirftJlr! <*r mittjHirtdhf to J, Jftr ti total 
angular mum fnt \m j nj J f*r 
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energy is emitted, For sample, with B - inrift gnusa* iho 
radiation r m Sited tia-^ a frequency of ubou! 3000 megacycles 
(10 - r\ i p which is in the microwave region. ff & rarliofrequeiicy 
coil surrounding a sample containing electrons which are aligned 
in a field is tuned through |Iuh frequency* energy will be absorbed 
from Ihe radio frequency field in & narrow band a l this resonant 
frequency, This phenomenon can also be used to measure I be 
magnetic field intensity with high predsioru 

The magnetic moment of a spinning prolnn is given in 
terms of the nurfmr HWtfttdon* which is °f * Bohr mag nr ton. 
since the imdeur magneton eon tains the proton in ass instead of 
the electron mass. The proton magnetic moment has been 
measured to be = £.7034 midcar magneton* ^ 1*5 X 10" a 
Fic]hr magnetous. Strangely enough, although ih> nelilroji has 
no electric charge, il does have a magnetic moment, oriented in 
the opposite direction and so defined as negative: p, — LSI 35 
ntidear magnetons, fopuined protons ■ hr neutrons in fi sample 
placed in a magnetic fidil will also absorb radiofreqtietiey energy 
to flip I heir spins at the resonant frequencies determined by the 
mugneLSc field. The technique of nuclear magnetic resonance 
U also used in this meters to obtain prec is calibrations of high- 
intensity magnetic fields. 

Ill il 1 1 dear physics, the concepts of angular moment uni 
and intrinsic spin itre taken over directly from atomic physics. 
After years of esperimenial and (livorrliral >iudy. it is now known 
that the same postulates of quantum mechanics apply ns for the 
atom* The protons and neutrons which compose ihe nudeum 
each have intrinsic spin * - 4 mail obey the Pauli principle 
Two protons amt two Neutron* van exist in the lowest quniLllxvd 
energy state in a nucleus which ■'explains” the unusual staihilitv 
11 Gel small inass of the Fle^ nucleus. In heavier nudri the 
nddiliutuil protons and neutron* occupy higher-energy states and 
are paired in each* This leads, to the t/rr// .rtrutiwt of nuclei ami 
I he relative stability in nuclear intern cl in ns of those nuclei 
with dosed shells. The total angular momentum / of the 
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qurjcu* ia r hr victor sum of I he intrinsic spin hi and of t lie orbital 
angular momenta of the individual nucleons afc&ul the center «d 
mass. This total angular momentum of a nucleus is itself 
quantized, having a small rill J fiber of integral or bnlf-intcgrul 
unit* of k : Closed-shell nuclei iit general have zero total spin- 

Tlir rapid advance in understanding of mid ear physics and the 
properties of nuclei has eon sc largely from l his application of 
quantum mechanical principles developed for atomic physics, 
which i m r l side the conservation r.f angular mo men turn. 

Angular momentum is conserved in all Lriirnmlimas between 
h i gh-energy part ides. < )n ly t wo types of a 3 1 gu I a r mow lentu m arc 
involved. Each incident or product particle lias its own intrin¬ 
sic spiiu and the orientation of these sphot must be eon sc. k ml 
in vector sum uf angular momenta, Particle* can also have 
orhilal angular rmihicnLufu / due to their relative uml inn about « 
common axis. This relative orbital motion is analogous to the 
example cited above of two * hater* on opposing courses who 
touch hands «$ they pass. With particles I he orbital angular 
momentum can In- represented by a vector perpendicular in the 
plane established by the recalling particles. In sucli intitfwtlons 
the vector jsiim of both types of angular momentum, j = n + L 
is the quantity which is conserved. 

The elementary particles can he grouped into dresses with 
different values of intrinsic spin* zero, half-integral, or integral, 
in units of A ^ir. The number of possible alternative orientations 
of spin (spin states) depend a on the value of Ihij spin qiumlisin 
number, X particle with vpm 0 (L e, + mesons) has only one state, 
thnl of I). Part ides with spin l (fermions) have two stnU-s, 
+£ and — depending on ihc orientation parallel or antiparalh-l 
to the chosen spin Particles with spin 3 (photons and 

heavy mesons) can have three states + 1 * 0 + and —I. In 
general. a par tide can be produced in any one of its adlowed 
spin stales, and with equal probability. ns long as the total 
vector angular momen t uni is enn served. The interaclbn 
probability (cross sect ion 1 involves a summation over all allowed 
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spin -.i in ■ of the j it r M luc-r particle a. IT competing interactions 
wi(h different s< a l_s of product tan occur* lln.Tr relative cross 
.■sections arc- drier mined In I he number of allowed spin ^1 llI i. •- 
l.ortfit‘(|urnlly t rather iinpreeLse dal a oh rain live total itu^s 
seclions of competing rructiim* will idtmv the spin of an unknown 
product particle to be determined. 

T he spin, the number of spin states* ami any relative orbital 
angulur momentum enter in determ it; mg the usgukr distribu- 
tion8 of the product* "f a particular inLerttclion, The cross 
sections in the forward* backward* and transverse directions in 
center^d-muss space, am! hu tiic angular dtatribuLioiu observed 
m I hr laboratory* an- determined by these spins and angular 
momenta. A Fuji discussion of this subject gr H ^s beyond llie 
scope nf this survey. For present purposes, il h aiifficicnl to 
□Qte that nfm\ assiRimic-utar an often In: made n r confirmed through 
itualysea of lhe it,i 1 ilar d in tributioiis' i.dwprved i 11 « l y| jcrimcnK 

When the pari ides in mi mteracticm an- initially nt rest 
reliit ive to one another,, firbilid angular mr mien turn Ls- not 
invnlvrch rind the total angular momentmu is just the vector sum 
of their spins. All example is the process in which a po-shron is 
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slowed down jmlfitfently lo combine with an electron, himI the 
total mass energy is released id llie tiiraii uf photons 

+ r“-* t + t —*‘7 +7+7 (£*/7) 

The positron mid electron each haw ■* = J and, depending 
tlieir n-liiilvt 1 spin orientations, the total singular momentiuD can 
be either 0 or I. Em-h of IIjk- product photons Inis u spin j = K 
and at least two iiiilM he emUled if linear momentum is lo hr 
emu served in Lhcir recoil If electron ^pin^arc opposed so the total 
angular iiiFiiNmii|in in 0, two photons recoiling in opposite 
dined ions nilh spin vector* clL^ n opposed will conserve angular 
moiiietttlliii. 

However, if the electron spins are pwuDel so that the total 
angular momentum is I* the vector sum of the photon spin* 
iiiiL'-I i-c | u EL I 3; under cerium euudilions, I lirr-. photons can hr 
rmil Led. When I ]i«- positron and electron lir^l approach each 
other they can forrn t tinuponiri.ily*uTi *'atom" in whirls IhcpoiiLron 
Lukes I hr place of a muh*UH. In I his jK/tnirttinttm Qttitft the 
two particles have the .same muss* ,so they revolve about their 
I'omtiKjti tenter of inass. The pus itfOlii util atojn ettn survive for 
ll l i a l i r ■ sal licit nl for its properties to he studied m I hr laboratory. 
Itdativr luotiiKO of Lhr iwu particles exists in this uloiu. and the 
complete ^uiinlumoLiLuha ideal amdyMS of the annihilation pru- 
Ini 11 either Iwo or three photons thus! include their orbital 
aiifpilnr momenta The t-bwe-photon process is observed 
experimentally in only aluml 0.1 percent of the processes where 
(fi'' c ) a i l n i lii | el I ii j n. occ u r <. 

Win n ii single parlicEr, .it rest or in flight, decays into two 
prodiicl purl iciest, orbital luoi mo i_h net involved. Fur csample, 
in the decuj of ll pion into a tnuon and a nciitriiiD, tt l —* p~ + v 
[bee l H h]s. (4.7 ■ and (4,H)j, I he spin of the pmii is IK The muon and 
neutrino* both of which haw spin m ^ j, must be emitted in 
upposjtt directions to conserve Linear imuiieid u in and with nppu- 
niii- orientalimiK of I heir spins to conserve Angular momentum. 
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However* if a xingk: particle decays in In three products, one 
nf them may have angular motion relative to the others, and its 
orbital angular momentum must be considered in the total 
momentum balance* This feature is involved in the lx-1st decay 
prnerves in which parity con-scrvatHH] is violated^ discusaed 
in Chap. 7 . 

CONSERVATION OF CHARGE 

All experimental evident shows that Hc'Ctrte charge is con¬ 
served. In any closed System L±r any system which iV eha-lri- 
tmlty isolated h the net charge is a constant, Electric charge 
is assumed to be u unique and fund a mental property nf matter 
in our theory of eEectmmagnetisrik However, no theory has 
yet been able to explain ihe origin of elect ric charge or why it 
exists. Hit modern quantum elect rudyiinriiirs hus remrived 
some of the iiM'imsbtI'neir- nf curlier throne.' nf ehadrrinmgucLisui, 
hut it lias nothing to say about the origin of charge. 

Tin? unit of charge is the charge of an electron* which by 
long-aewpied convention is considered negative* hi terms of 
the standard engineering units, q= - 1 .( 10*07 X 1H“ JU coul. 

I he charge on the pro l on is identical in magnitude and is positive, 
The charge of neutral purlkk-s or neutral alums \s identically 
zero„ When electrons :ir^ h separated frntn neutral atoms or 
UHileeuk*, by friction or by other means. She magnitude 1 of the 
negative charge removed is always equal to the positive charge 
left ln'himtr Lxperi meri I id bests to determine u In-1 her I lie elec- 
Iron does decay have given negative results and establish the 
electron lifetime as greater Hum l■'* 1 ' years. Other expcriinrrils 
show that the magnitudes of the rlerlmn and proton charge 
catiJHil differ by more than I part m 10 M . Charge conservation 
must be regarded as thoroughly verified. 

Particle physics has introduced a unndhiry into the definition 
uf chu rge coaist-rv si i i on. In t he rm i \ iu n £ nf pa rt Id e§ o u t of e n r rgy, 
if one is charged I lie other hits llie opposite charge, Electron- 
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posit ri hi pair-s can be produced by photons (Its 13*c j presence of a 
nuclear field in which momentum can be conserved) if the- photon 
energy greater than the musses uf the created pitHicIcs (] AH 
Me V Tlu- positron is ah anti panicle; when it is suf ficten lly 
slowed dmvri by ionizing collisions it will annihilate with the 
first electron it encounter^ releasing (lie total mass energy of the 
pair Jim- uncharged photons. So the net charge in the System 
remains the same in creation or annihilation processes* The 
same applies to the creation of heavy partkh -rinlipartkh- \m\r*. 
In (he jiMhihilalion riif a negative proton (anti pm ton) with a 
poisi!iv<- proton, some of the available mesa energy (IttTft MeV) 
usually appears in the form of charged and neutral pious or 
other particle*; in all cases observed, I he net charge of all the 
charger! products is ^ero. 

Charge miaervidmn i> utilised in I he analysis of ex peri- 
menu I data, Take, for crumple, a liquid-hydrogen bubble 
chandler exposed to u flux of high-energy photons. Single 
charged pur lie In track* originating in the chamber are observed 
only in those cases where the range of the second charged particle 
(i.e,, the recoil ion) is too short to produce observable ionization. 
Must of tin- observed I rack* arc electron-positron pairs created 
f i-nr n 1 Uj- energy of the photons. Three -prong stars cofcd-st 
ri-f a recoil pmtiui from Hie- hydrogen hi lhe chamber and a pair 
nf charged particle such as pious; in tIds case the residual vl.ee- 
Iron from the hydrogen atom does not participate in the inter¬ 
act inn and is left behind wish iiisuffiriciit energy to pros luce 
ionization. Slid mote complex event* can Occur if the available 
cnergj i- snllicienl. ■ sample, five-prong djira consisting 

of a recoil prulun and two charged pairs are observed. Koch 
pair h a particle and uutiparticle. Line) their charges have opposite 
sign. 

Some iff the more recent predictions based on group theory 
postulate particle flutes with frarl ioTmt electronic charge culled 
ifiuirks (jrf-e Chap. I'ii However, there is a* ye I rm experimental 
evidence to confirm such predictions, "This remains a subject 
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■ if ht v great irilL-n-M, however, si lire lia-m in no theoretical 
"priMjf 1 ’ Lluit i-hnrge must always rAiisI in units nf the drHrunic 
charge. If pro-tide* wilh Fractional eld Irmiic rlmrgr were to 
he observed. I In- iplhin is tbal r>tltiT pmiidcs with fractional 
ch»rKv would hr produced, and that charge would still he 
conserved* 

cos si : in vtion of paktihE m miikfi 

Particle i rlivsii-M has added zmothrr basic t'crnsfcrvaijoTi principle, 
that of the (xtnaervatjon nf total number in certain daises of 
1)11r 1 jolt f 1 1is ] >ri rieij■ I•■ ■ wa> m jI re11u 1 rei I i j r Fum i, J|;, m ijtp] izc1 1 
during t,lie elftMirjl cm of science* hnl ii |m jj.s Urcmd hehE ^nmil 
in it^ application as the four dri-sdoid innervation htw.s, ft 
applies hi She two da sms, harynris and lepton*, which are fermions 
with inhiiLsie spin .1 and which include the III tit components of 
iilmns Hie proton, neutron* and dcciron. On the other hand, 
particle number is no! roiwervcd in I lie t wo dn*scs of Ikfjsnns 
l meson* and photons] which have jntrirmie spins of u or I. 

Maryans include nurleons hr ntnf //} mid hydrous* a cmmi- 
tpVi'n to strongly interacting ferojiofljt with moss vidnes greater 
lima for nndcuns and whose final decay prod m l* iridudr one 
nudi'iiu, The term liypcron was used for a linn- hrfnre tbesyru- 
itir try of haryon.s was Hourly rucogaisuTL ll is no It .mger needed 
ur used except to distinguish lie heavier panicles from nucleon h. 

I he I iy j jh ' i"' ins are I be heavy me fo hers of the si range purlidr 
flairs produced in production amI include four gffinips 

of iiiemndag lambda lA), sigma (Z), xi iEl. and omega ML 

I Jn ?3 dilftT frnm i te=i-1i ulluT in features oilier than their inn** 
vjdue> t specifically m the sunn her of charge sla ks. This properly 
is discussed further in (Imp. W. A common rbafadcristn of 
hypiJraus is Mini Mu-1 r production i ia Lu-rj^cf i"iis involve the strong 
nuclear force, 

lake other fermion*, liaryona can he created from energy 
md; in partide-anUpnrticlr pairs, We define 1 he Iraryon millibar 
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of 11 baryon as 4*1 for n particle and “1 for »n nut (particle. 
I r i ir nil sill itir particles I he Wry nn number i> {). The symbol 
nurimdLy tint'd in th> -Hirm :i» that lisucl atomic rtumbcr (J) r 
The conservation principle alettes that in a ay intcrBcl.i<Hi the 
barvon numfwT is the same before and after the inlen^on. 
i Yj a si r!e r T for us: u n p !e, the 11 rta t nn by w I l i t h an ti pro tom w«ro 
iirnt produced in an accelerator, a I the T’ui vernity of California 

p +■ p -* p + p + p + jF CfiJS) 


A no (her t-^u tuple is I Ilu pnjce*s tiy which (In 1 uuliproton annihi- 
lulrs willj a normal proton; a typical annihilation might result 
in the products 

p~ + p —* H- Jir ' 4" (iS.iE) 

The i - -1; 1 1 resl kni^ nf bnlh proN>n& b transformed into f^r + }/) 
pioris pills t hs-ir kinetic energies wi l h no baryon products. 

Buryoa number is intimately associated with other quantum 
n limbers of I he strange pnr tides invoiced iit itrong interactions, 
sucl i ns isotopic npui nnd Grange ness. Tills rL-Utiouahip will 
W explored further in the foliowing chuptcrs. The selection 
rule width describe* the conservation of Wryoo number is 
fundamental in defining the range of validity of strong inter¬ 
act ions. Jl describes our observation that the proton is stable 
and dma not decay i n lei pus Lire m _h or muons; for example, it 
forbid* tlji reaction p -- r A 4-if 11 , even I hough it is allowed by 
ot her cf m se r vh I ion la ws. 

I.H.’plim number (L’{ is also riserved, Leptona (which are 
also fermions) nn- created only in pariicle-antiparticle pains and 
ai l i j ihi ]h 1'- rm]in pairs, J jC |>ton nu i nber i* defi ej utI as + I t* par- 
I i cl es. I for an ti part ic h ■ s, ni u l 0 ft it a I S 6 lliefY 4a sses of pel r tid vs. 
Leptons include the rhTfrtw family of r~, e f r j-,, ami and the 
ui tttut family of p. + 1 , and rv t miservaiion of number nisei 

holds wiUiin each nf I he-sc families. In each family lie negatively 
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charged member is ttit particle and the positively charged m thv 
an (i particle Jf u particle of either family is produced in m 
interaction, another product must bean ant [particle of the same 
family, Ah example is the beta decay of the neutmn 

n^p + r- + 7 * {5*S0) 

in which the products include two i IeHron-family n irm f h-t-.. 
Charged muons are created in the pi on decay prur^fetM 

T+ — 1 P* + *v and t“ —* jj,~ + ^ (5.£/) 

in which rouon family number h conserved. The muons decay 
into three particles* including; two electron family members 

P* —* + *- + p* mid p~ —* it + + it* 

Electron-family number and vmjnn-la mily number are cam nerved 
* ls well as toUl lepton number in each of these examples. 

lieforr the discovery i*f the muon neutrino it was believed 
Lhiit electron b and muons formed a single family anil Ilia I only 
tidal lepton mil idler was conserved. The process jj.~ -■ rr + •*, 
would h a to satisfied all Ihe classical conservation laws and 
lepton nurnber const-rvaUcrti. However, il lias not been observed 
experimentally even in ;i singEe evarnpii-. When usuou neulritms 
wrre observed tu be different from electron neutrino* and the 
conservation requirriiicnL for hoth electron and muon families 
was recognised* tills puzzle was resolved L 

Tbe role of conservation laws is to describe what docs 
happen and to explain why unseen event* r.to not happen, The 
hve conservation law* discussed in ifii^ cEiapter are valid for dE 
tyjws of interaction a and in n]\ physical phenomena, There nrc 
ho known exceptions which violate any one of them. Despite 
die seemingly arbitrary definitions of the <ju a lilies of matter 
which they describe* or of formalism* such as that which ulilbes 
negative numbers lo extend the family number ..wYatton 
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laws I o anti par tides, these conservation laws correlate and explain 
u broad and (JivcimfiwT range of physical phenomena. When we 
find sud i widespread consistency we arc justified in assuming that 
tl«vse laws represent basic attributes of nature. Whether our 
choice of these particular qualities of matter is unique, whether 
simpler and more inclusive conservation laws c«n be found, 
or whether some more fundamental method of correlating oTu-i-r- 
vations ifi possible, are questions for the future. A more general 
approach It. conservation laws through basic symmetry principles 
is discussed in Chap, 12 . 

Still other qualities of matter have been identified for which 
other 1011 seruiibn laws cat) Tie formulated, but which have a more 
limited jurisdiction. These qualities are conserved for some 
types of particle interactions but not for others. The con¬ 
servation principles for open ess, for 1 no topic spin, and for 
parity that have evolved in the .study of particle physics are of 
tliis type. They will be described and their limitations discussed 
in the following chapters. 











































MASSES 
OF THE 
OBSERVABLE 
PARTICLES 


mu; most important idehttiftt™ ckabacterjati c of a pn rl irle 
is its Irat mass. Mttsa is a form of entrgy s following Einstein** 
or § Li i vale ncc relation E =» m-c 3 . The masses of the particle* 
lisli'ri in Table* I and 2 are given in MeY units. One MeY ih the 
kinetic energy acquired by a part Sole carrying a single electronic 
charge in faffing through a potential difference of L0 E volts. The 
conversion factory Ik? tween mass and energy arc 

1 g = B.687G K 10“ joule* = $J6U X 10™ Met 


Of 


i McV = l fKHOT X 10 11 joule L7K£fl X l(t" ET g* 

In nuclear physics the masses of atoms arc comtnollly expressed 
in atomic mass unit* r a mu] (see Chap, 5)* It can he shown that 
1 ixtnii 931-16 Mc\ .* In particle physics we deal with dugle 
par tides regardless of charge, rather than with neutral atoms h* 
in nuclear physics. Particle masses are i-a: pressed directly in 
MeV units. 

electrons 

Hie electron ih the lighted panicle which lias mass; it enrrics a 
unit electric charge and is mie of the stable constituents of atoms. 
As such its muss must tn? Considered « fundamental constant of 
nature. However* there ia no theoretical explanation wlty Lin 
electron hah \is specific value of muss. {Juajiimu ch'ctrit- 
dynamics, which explain* mnd predicts cssenl cdly 4 - 1 11 observed 

" r fidW Hmrndfnm J. If, .1/ Dumtmd axiJ A. H, Cohen, firs. Mod. Phy* , 

^ m tmj). 
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atomic phenomena* bus nothing to my about the origin of the 
mum of I he dtrfmri, Sonii' speculative thought associates the 
electron mass with 1 lie unit charge, but no formula exiata for 
calculating mass from charge, mid there is still no Hulid thcO- 
ri'Ln mI t^Lsis for r|ii> I bis remains a problem for the 

future. We iim?d depend mi cxperimcnLnl i uraaur emeu Is for the 
value nf I lie electron muss, 

Hkrirou iiaiLssis dclemiincd from independent measurement* 
hF the dintge-to-iTiHnSs nilio r tn anci the charge r. Kb peri incuts 
■ i 11 Lhe deflection of electron beams by electric and magnetic 
IttJils .-nn provide valia - of r m bill not bif r or ■■■■r sepurnFely, 
Amily-rt'H of aLuEiiit spectra with ruled flings, combined with 
bu.Hic atomic Iheory* also give values <if r/i/r for the electron, 

Fried mrlnmit4il studies nf ihe Jiiimuul nf charge required In 
dissociate m gmm atom of a tinicnlelil molecule in solution (the 
fiirmbiyh eonibiued wkli the number of atoms in u gram atom 
(Avngadmoi (lumber), give nn approximate value for the electron 
c h a rgr. I' I it 1 .Mill! ka ei * >] I -d rnp ex j a-ri r ilie u t g i v v* a n i r j i It pen rle n l 
irarusumiu-nI nf 4-v bnl it i* dependent rut the measured value of 
lilt vi-icnwily of air, When all these VfJtlvs are correlated and 
we [fill K<$d by I he expert mental errors involved , u **hcst value" 
nf eleelrmi 1 1 1jiss IS oldJil tied , which is 

wi„ (electron i - (1,9.107 X in-« g = U.J100H MeV 

The mass value above is the rest rua?vs for am electron 
with zero or very low energy. For electrons of relativistic 
energies the mass is given by m = m 0 H — t |f e , )b 

The posit mu i* the an Uclect nm. Theondioiilly, an unli- 
parlicle should have a mass identical with that of tin- particle. 
A few ilefleetirm rx peri incuts iff rein lively low uicuracy confirm 
this assure pt tmi; flic masA-energy balance in both production 
and annihilation processes with positrons h nl-so in agreement, 
In I he ahwncc of any evidence to the contrary, we accept the 
validity uf Uu* liicuMicul prediction ami assign the -uime mass. 
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PROTONS 

The pratu-H is the nlhrr stable component of atoms. Knowledge 
of I In 1 protun mass, another basic cciitatftnt nF nututci is essen- 
tistl in atomic am) uudeur physics. It has been measured in a 
variety of experiments on the deflection of hydrugcia-ion beams 
in electric and magnetic fields (sec i 'hap. 21 and also by 
analyses o t experimental nr.soLlj. frnin nuclear dirirategra Liana. 
Improve men t> in I In- values of she several fundamental constants 
which are involved in the psperiwenls haw, in recent years, 
brought these results ine^i reasonable agreement. 

The resells nf innss-HjK'ctro.scopic measurements have been 
sum uni ri zed from time to time In dvflijn’ liy 1 ms S -nrpiare.s anal¬ 
ysis the best values of n!runic masses. *f lie doublet method 
face Hiap, v) forms Site basis lor Sables of uionue musses in 
which the irn certain tics are a feu parts per million. The bed 
value of the II 1 inaas m the recent literature iff 

II 1 = 1.009140 ± 0.000003 avn<ti a 

From this, liy subtracting the mum ul tin- elixlrmi and con¬ 
verting to fcfciY units, we obtain For the in ass of the proton, 

m p (pmSon) = 038,21 McV 

In theoretical ealrulalions ait atomic or nudeur physics 1 he 
mass nf the electron m* Is occasionally used u-s a basic mttss unit, 
hi this ay si em of units the proton muss \* t« r = IM00, L m a . 
However, in experimental high-energy physic- 1 Imi- proton mass 
iff most commonly estprr^M'd in McY utbU 

In principle, the i n a s.-> of any eh urged particle can he deter- 
mined through similar measurements utilizing the defied ions in 
electric and magnetic fields. In practice if f.k more difficult 
because of the low hileiudbes and the short lifetimes of the |mi 
tides pnnjneeil in high-energy interactions In some eases alter¬ 
nate 1erhiik|iies of luudi lower pred-sirm have hern u.sed. such its 

* £?«! ft, P. f Tfffliti “ Tfif .1 Ei.'.'.trJr .VisnfriJiJ ,N ri iritir-if d! r \nr ffkf.j. 
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nb.scrv:i lions of the ran^t-s and i«ij-iiar^ati«in densities uf particle 
Irwek* in phcilugruphir tunuhiong i«r in. bubble chambers .Still 
difFcrimi techniques are required to determine the niasa of neutral 
parti Hen Typical methods arv the study id the charged Jwkj 
products from neutral particle.* or nuNi&urefTienLft of the angles and 
momenta uf charged particles recoiling in scattering collisions. 


MarRONS 

The u^ulmn mass has been detcrjuirieii from nuclear disiiLlegm- 
iiijri reactions, first it was nemssmy to verify the mass-energy 
bahiuce in nuclear metbns through studies of a variety of illicIcuf 
disiiJtejiralmjiH in which the observed energy change Q could be 
rr.rrL-l.Ltcd wllh the change in mass. The agreement justifies tin- 
eoriHu^ion I hat hubs plu& energy' are qmsnJ datively conserved 
and Mini flit- atoms formed by nuclear reactions are identical 
with ttjL-ir stable sister atoms H In u nuclear dialntegr&tion such 
as a + b —* c + ii ¥ from which the if value h obtained from the 
outgoing and incoming Uriel ir energies jsee Chap 5. Eq. (5. 1J| T 
the mass difference of particles u and r, for example, is 

(ft!* — ffij - (m 4 — m*) - y (4SJ) 

The mass d iHi-mirc (n — II 1 ) can lac evaluated from several 
independent cycles of nuclear interactions. The most direct 
and accurate determination * comes from the measured threshold 
energy (negative if value) of the rrni'licm 

W + u + lb^ + Q <} - -<L7tH MeV ffi.f) 

Jt ts known from nther nuclear dmiitegmtiiiiEi resLdls that 
Tl* - 11c* t U.U 1 H MeV. The hesi vidiir c?I the neutron- 
hydrogen mass diffWrmr obtained from these 11 umbers is 
n — 11 1 = I>,7S!f MeV. The mass of II includes the atomic 

* il- i*- “ Th? Atomic .Vutitafit,* p. 131 m MeGrmi'-HilU Nm i York, ISiSS. 
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electron. When the proton mass is nsect p we obtain 
n — m P = 1-89* MeV 

from which the neutron mass is found to be 
(neutron:- — 939.50 MrV 


M LIONS 

The first estimate of the moss of the muon* came Irons studies 
of the ionisation density of the track* of jiiesoriic ptiriicles in 
cloud chamber photographs of cosmic mys (see Chaps. 1 and 5)< 
When acwkmtor sources of pi on* and muons became avail¬ 
able! it possible to determine* tln-tr rmisses with belter 

accuracy fmm the observed particle energies in their decay 
ascs, When slowed down* llie positive pion.s were observed 
to decay into muons. The muons decay into positrons which 
have a continuous spectrum of energies indicating a three-body 
decay 

** + v. + r, + 105 MeV M 

The momenta nf the charged particles werr observed through 
the curvature of I heir tracks in cloud chambers with superimposed 
magnetic fields (see Fig. 4.5 ;. Assuming conservation of momen¬ 
tum, the extrapolated maximum energy of the positron spectrum 
(both neutrinos recoiling in the opposite direction) provide* a 
measure nf the mass of the muollr 

In recent years a more precise value of mass has been 
obtained from measurements oF the magnetic moment of the 
muon p. M . The magnetic in ok mo is of electrons and protons 
n p arc basic constant* in atomic and nuclear physics and have 

* Frtnauxfp ■ ppfAfrf ihr p It if flrjir l. mum to ht a ttfion rotktr than 

a KfTdntffjp mJrhur/i rep mmH, d ml ire iuf ffa m-vrr fpfn'/lr namr mum, 
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been nitoULiiKd with high accuracy* The gyroniagnetic rutin p 
(ratio of I he magnetic dipole cuomrut in the wpin angular momen¬ 
tum.) is also a baste constant of atomic particles and. is known to 
high accuracy lor protons and electrons. The relationship 
between these quantities involves the n urn of the puHkle: 
riilios for different pari ides give ratios of masses, hucIi hr 


M* = F- *** 


fff4) 


What wns actually measured wits Hie gyrorntignetic ratio 
of lln- muons in a beam coin in g from an accelerator by observing 
l|ir- iitigular velocity d precession of the magnetic moment in a 
magnetic iidd. The ratio of tmtgnetic moments of the muon and 
1 he proton was. also measured which, combined with the electron" 
proton ratio, gave the electron-union ratio. Combination af 
I lie-.- values of I lie ratios of moiije-nts and $ factors in Eq. (6.4) 
gives a value for I lie iitii^s of the muon of 


m (muotO = 1Q5.W MeV 


This value is presumed to he fchr same fur both positive and 
negative muons. 


PIONS 

As Indicated lei I he previous section, the eh urged [non decays at 
re si inhj ji ruuun tuisl n neutrino (in llic uWn oc of u Killer) 

w~* —► ji 4 + Fjit d“ MeV fff.fl) 

Tim tt 4 pen can be brought to red (octtinlly lu thermal velocities) 
by colli-dcms in mat ter» such as in a cloud-chamber gas or a 
bubble-chain ber Liquid, and the momentum of the product jr 4 
muon can be measured hy the ctirvritijrc of iis track in a magnetic 
field: the neutrino also emitted must have ctjuid and opposite 
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tTKiHK'nturn, Assuming Ik neutrino 1o have zero nest ma&s, llu- 
energy n leasr in lhe decay pmec^ enn be computed and the 
pion mu** determined 

(charged pion) = l.lfl.7 MeV 

IMri-el Nhsrrv.t| ion uF tin* d««y prueefu of the- t pion ni 
rest is handicapped by llic formation of tt“ mesic Alojn.t, in which 
the pion enters un atomic Bohr orbit from which it can be 
captured by a nuclear proton in :i clmrgc-cxr.lLiLnge process 
However, u few measnircrnerilK nf the ratio of through 

range measurement.' oF - and tr" pious in Eight rnntirm the 
aF.jinntptiofi that the it pjnti has the same jilhna m> ihe ir* pion. 

Other method* of determining i|ic pion moss arc b^edon 
studiejof the ranges mid iciii&gUtui densities of charged partlde 
tracks in photographic; cm id?, ions, which can be analvaficd to give 
jinis> ratios of m r - m s , ;md m w w t ,. The result* of all these 
mcasujimcnb arc constant uitF] the value cited above, The 
CDnsisteiicy of the result* from the several method* justifies the 
assumption of zero in&j* for the g neutrino ujso emitted in the 
decay process. 

The neutral pion tt 11 can hr formed through the charge*- 
exchange process 

r- + p^ll+f fl (6 J) 

following capture of the f _ in n Bohr orbit (i.c,„ in liquid hydro¬ 
s'll J, Hie tt" decays promptly : ID" 1 sw] into two photons [see 

Fig. Ltfk 

»* 7 + y £tf,7) 

A competing reaction is theca pi urc process 


(m 


t + F +7 
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In Wli cum pillions and neutrons ore tlie observable products. 
However,, the neutrons from the two reaction* have different 
energies, since the u' has a finite rest muss, and arc emitted with 
different velocities, The neutron* require u finite time (shout 
H> : seel lo travel lu a neutron detec tor located a few octets 
from the target, and Hie two groups of neutron* ran hr observed 
in delated coincidences with n photon detector placed dose lo 
urn! on I he opposite side of the target (see Fig. fljj corresponding 


t bv&isi 



rig. 1 .1 Srli, mafic rr(*rimf„tel arra nffrmcnl far limz-tif.flMt 
tfftrrmwatVM H/ fA f «J Hit r* pirn, in tfu rtcriian ir Vs — 

* + r\ 


In different flight Limes and different velocities. The .slower 
group is from the it' process. From the measured orutron 
velocities and the kinematic* of iiic two interactions, it impossible 
lo obtain u value for fin' mass of the pimt 

i neutral pion) ]:S4,0U MeV 

An independent measurement:, obtained earlier, from studies 
of the angles of emission of the two photons from Ihe r B decay in 
Iriglii K(|, ((s,, is in agreement with the value above. In the 
frame of reference of the moving particle, ..icntuin <-om*Tva- 
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lion requires that the two photon a have equal and opposite 
momenta, In ihe laboratory frame of reference, in which the 
ir !l has forward momentum, the two photons emerge irk the forward 
directi an with an opening angle between Lhem which is a function 
of their momenta. Relativistic analysis of this process allows 
bulli the momenturn and velocity of the r" Icj lie determined* from 
which Ihi- maos h obtained, Wn note that the neutral pion has a 
MNnlh-r 111 ji.*i.h than the charged pions,, by about Ms MeV, 


KAUiSS 

The A particle, or kaou, is known to have a variety nf decity 
modes, as shown in I able One rrf ihes-c nhserved (nodes* 
A h- 1 tr + + w + fr" f alinw.t t fai l 1 11]i ■ kaon mass musl be greater 
limn three times the mass of the charged pion, The kinetic 
energies of the three charged-pion product* can he determined fc 
either through their rungc in photographic eimilsimis nr through 
the curvature of their tracks in ll bubble chamber in a magnetic 
field Another decay mode is into two pfons: A'+ — ?r + + ir". 
Cunscrvation siif momentum is assumed to determine the direc¬ 
tion of emission ml momentum of the ?r u . From kinematic 
analyses of these decay processes, the mmn of the positively 
charged kaon K + h found to be 

r/ij?t (positive kaon) = AflrS.H MfcV 

and is assumed to be the same for A' . 

I wo methods Imvt h ten used to determine I he itia-ss of the 
neutral kaon (K n ) or of its nnti particle (A?b One method is 
simitar la that employed for the neutral plan* iiivnfving ihc pro¬ 
duction reaction K~ + p—* K* + «„ and using time-of-flight 
measure merits to determine the neutron velocity. The analysis 
is more complicated because the K katJns are captured not from 
Riihr orbits tan I in Flight, find their incident moruciLlu cun si he 
included in the analysis. In a second method* the nKuitentutn of 





[YfsfispR of I hr Otricnihtt Parliflw 


tin- K" is determined from I lie momenta of ib diargd !l^ F prod* 
acts in Lhe reaction K* ■ r f -hi from Etic angles of emission 
and eurvfl lures of the pion trucks in a m ague Lie field. The 
rf^dtJH of hoih methods «hnw a mass difference between (be A r 
und Hie A" of 4.W MeV, with the nciiLnfl particle bring heavier. 

Another procedure believed in mew sure I In- ^nic quimtiLy 
! A a ^ A*" difference) is hastsd on the kinematic a pi ulyds (if the 
two prod net i on reactions ir" +■ p —+ £“ + A' 1 and! it - + p * 
A" + A'\ Taking the (independently) measured values for the 
musses of I he 2“ mid A" par tides fas given in the following sec¬ 
tion?* the mup difference {K* K") ran he obtained* d has the 

same value of about 1,0 Mr V, I'dng the imtss fur the A* hzu>Ji 
given above. wc find the mass of the A’ 11 or its antiparticle A'" to be 

mx* (neulraJ kaon) \97& MeV 


tllPEBONS 

The mass of the A n particle is obtained from a ntndy of the 
kineuiaticH of Hh principal nude of decay A n -* p + r . Meas¬ 
urement of the energies and in omen la of the two charged decay 
products and of the angle between the track.* determines the 
incident momentum of I he A' 1 particle fnmi which, with l ist 1 masses 
and energies of the proton and pion products* the mu*.-; of the 
A" purl ir.de- is found to Ik? 11 to t MeV. The A" particle i* an 
example of a neutral singlet i no charged A particles have been 
found. 

Tbr mam of thr charged particle has been obtained 
from the kinematics in the decay processes Z 4 - n + fand 
1! + — p + v* in a manner similar to that described in earlier 
examples and ha.* Hit value ItHfl.^ MeV. The mass difference 
between arid l! 4 come.-' from kinematic analysis of Hie two 
processes A" - + p—*> 21 “ -h * + und A' - + p—* - 1 + From 
this difference tin- value for the iiiu^ of the Z~ particle is found 
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to be 1197.li MeV. This is the only example in Table ^ in wlaidi 
positive arnl Ufcgative members of a particle family are not pur- 
tide-antipurtSole pair*. The «!'• and I - have different, mass 
values; each li-ii* iK a it hi particle nf the uppnMle charge. The 
neutral Z" pari ide can in* jirshluped i fi rough I lie charge-exchange 
react ion Z~ + p —* Z" + n mid decays through Lhr react km 
£* —* A H + *y* The M&M difference between the negnlive amt 
nentrul particle* oh tallied from 1.1 ie pruluelnm reaction Iruds 
lo a mass for the par Lid r of IlftiJ MeV, 

r Flie prodiiclbi] ;iri d decay reactions nf the a - particle 
(A -|-p —> a + A r '' and Z ~—► A"-F f j have Ik-co used in a 
similar wny lo determine inun**, which is i3£].0 MeV, The 
iniilss of the neutrM Z l! particle has been determined fnnn a few 
kinematic analyses of the production evenly, K 4- p « H" + A' D , 
ami llu- subsequent decay- . 2" -+ A 0 + w { \ Lugive ?l value of 13HI 

MeV, 

Tlic up plica lion of basic symmetry principles through I lie 
theoretics! technique* of -special urulnr.v group theory [Sl'Ch; 
to the group of known Huryons (see (.Imp, hij wasi used hy Gell- 
Mann to predict a chargewdglct state wh'di Hr called +1 m• 5F 
particle willi a rna-ss «>f Itj'jT Mc\ . fl was searched for \ pen¬ 
men Uilly and found in l£H!4 to he prnduccil through the reaelmn 
A"” + p —*■ I? - -+- K + + A' and to decay through the react irm 
11” * * a + f : \ hater a few additional examples were found 
Wlifu the events were kinemahejilly analyzed. tin 1 mass of the 
-l~ particle was determined to be essentially dial predicted, 
namely, N375 MeV. The unique feature of the IT* piiHiele is 
tJjui il Iisl.s ji M raiLgenes.i number of — S (w ( hap. M); the suecc*> 
the theoretical predielioti h:i> heightened interest in the use of 
group theory in I hr a Tin lysis nf nucleon Mules, This develop¬ 
ment U discussed m more detail in Chap. IS, 



chapter 7 


PARITY: 

THE 

MIRROR 

WORLD 


TliOZF, ARB MANY EXAMPLES ill nfitmrV, 5Ufi|l ttS Crystals. plants,, 
fill 11 in ieroorgamsn is. displaying symmetry of form. Nature 
to haw u built-in symmetry between right and left. In 
many of the mast v lenient ary natural forms there is complete 
identity tatweeij the form and tLw mirror image. These phe- 
no menu can he described hy I lie general concept of space sy in - 
Hj' Lry or as examples of invariance trader apace inversion. 

The laws of dasricii! physics have always shown complete 
symmetry lx?tween the left and the right. The mirror image of 
fiuy physical prow 59 depict utmlher process which is governed 
by the same physical laws as the process itself. Consider a 
solcnoidijI electric?coil producing a magnetic field which is upward 
m the 3 n born tor y, and -lij electron beam crossing tills field and 
being deflected lo the left. Viewed in a mirror T the current would 
produce a magnetic field which is downward, ami Lhe deflection 
of the Ixmm would bv in the right Ur Fig. 7.1 J. Both nf these 
process satisfy the basic electromagnetic equations. The 
space-in verted view of this experiment looks Just as reasonable 
asH She true view and obeys the same physical laws, Although 
some features of lhe mirror view might look odd. Audi as lie 
reversed printed symbols in Fig, 7. l s there is no thing in the 
physical process itself in the mirror view which violate.* reality. 
^ hen analyzed in ihh way, all classical physical processes are 
found to have valid mirror images. 

For our present purpose, we wish to see how mirror symmetry 
applies iti particle interactions. I,el us consider tlae simplest 
situation in which a particle at rest decays into two other par¬ 
ticles, such as :i charged pintl decaying into tt muon arid a neutrino. 
I'or simplicity, assume the muon to he ejected upward and to 
have E|> intrinsic spin vector (s = oriented downward. Con- 


Parity^ I hr Mirror Idrlit 131 



7.1 Mirror view of deflection of 4ffdroH fMam 
% n fnagnrtrr jirld. 


scrvatioo of momentum require-, that the neutrino be ejected 
downward. tf angular momentum is to he conserved, the neu¬ 
trino spin (dbo# = -J-) must be oriented upwardi that b t opposite 
the direction of the neutrino velocity vector. Now lortk fit this 
process in u mirror, «s illustrated in Fig. 7.2. In the mirror 
view Lhe muon is still moving upward and the neutrino downward. 
Bol Hie directions of both spin vectors arc reversed swh ttint for 
both particles the spin vectors are in the same direction as the 
velocity vectors. This represents a process in which the relative 
sense of spin-to-velocity is reversed. For both particles, from that 
assumed to tre Lhe ease in the laboratory. This process is an 
allowed and possible one only if both oriental cun-? of sjdn-to- 
vetocity cxisl itild arc equally probable in nature. Before 1956, 
it was genera IU assumed (li^it there v. m> no preferred spin-to- 
velocity .sense in nature, that either direction of he f icily was 
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FIk- 7,2 \fimr rim? qf fhr tt -* 
jy ~h i 1 demy proof**. 


allowed* awl Ifrsl holh l. he true find the mirror proceses fliere 
valid. This agreed with Lhi.- general belief LiinL there Ls coiuplde 
symmetry 3 jc I ween left and right for all physical 


PARITY 

Tli^ parity conservation principle expresses this .wiiiimdry 
Ik? tween events in (he real world and their admit- images, this 
right-left symmetry r>f form, Parity is a mathematical lenn in 
wave mechanics which describe* a clarification into iwo groups 
p >f Ike wave function* representing partieles* which tire eUlicr rt en 
' + J nr odd (— i. \ particle wave him I mu i> lu a good approxi¬ 
mation Uir product of onr futHikm dcperiding on (he three 
^pjnv cucirr]mates and mu .flier fund ton depending mi >pin nri- 
rlilal inn. Whm nil spnthd coordinate utrr * Teller l ed nt llie 
origin* T (signs reversed) and tin- sign rif flic >patinl wave function 
remains llnthanged p the particle Ii&h even ( \ ) parity; if the dgu 
iif I lie Spatial wave fundimi changes, parity in odd (— I. Parity 
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is a fundamental property of the motion according I fa the wave- 
riL4-c-1 1 :h nicriil description, but ii has no siniplu analogy in ordinary 
mechanics. 

Parity describes whether The spatial parts of the wave 
functions are symmetrical or untisyiit cm 1 tried. The algebraic 

f..ton ii i os j is syiinnHrical and has I he same fcHrin whru 

reversed right-left, that is fU) = +/(-*); its parity is even 
( I j (see Fiff. ?.:t) + <>n the oilier hand, the function $ = sin x h 
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Hg. Th'I Sjfmmrtrir and antiffttnmrtriti fundinm* 


anl^yuiinrlrirah when rrverged right-left f<x) = —/(—■*); its 
parity b -;ild ( - i. Wave flinetmn* which represent particles 
nr s\ sh ris-. ^ if particles, which are hounded i jk space* are u ho 

either ..■! rie or Antisymmetric. Purely hypoEfiHleal wave 

fniM'lion> ri pte^feiding both I vpc-s are also illustrated in Fig- 7.JI, 
Sncli examples are not really adequate to illustrate the parity 
but are useful only as analogies. 

The in Erin dr parity of a particle can hi 1 cither even ( + ) 
rir onM i— It Is a ih'^rijiLLoii of a symmetry property of 
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the spatial shape of its wave function r So long us the pro-tide 
retain* its identity and does fiot change (that is, does uu-1 decay), 
iS-s parity lines not change. The symbols ( +1 j am] (—]i am- 
used to identify the intrinsic pari ties of tin- particles Ihiled in 
I ahh' Si. Parity is even { + 1} for leplmj# k nucleons, and oilier 
harymiN; it is odd ; — 1 : for photons and mesons. Together with 
Hie intrinsic spin p it i^ one of tlu- basic properties which dlst inguish 
the different classes of par tides, 

1 his symmetry prfijicrty of the mathciEiatinil expfeAsicms 
for wave functions was U-st'd first in alnmie theory and later 
in mi dear theory, A compact symbolism has been developed 
to designate no! cmly particles but sSjsO excitation stated hi which 
the .symbol fur parity is attached ;vs a superscript to ihe symbol 
lor Spin, For example, (J + ) means spin j, and even parity; (O’ i 
means Etrfi .spin and odd parity. This short hand svm holism 
has been adopted nod used in par tide physics. In t’hup, I Cl 
ri'c particle states known as rrHoJinnees tm* identified by such 
Symbols, 

I he purity of a wave function rrpresenting a system of jitir- 
lioU-s includes I he intrinsic parities of each of the individual 
particles and also depends on I lie relative angular urn men turn of 
the several particles. Jl run be shown that the eon l rib Lit inn In 
tin- parity of ilu 1 system due to l be orlntaJ angular momentum is 
pvi-n (+ i when the singular piumcntum quantum number is even 
0 * - -) and odd ! — J when anguhr nKiuicnlum is odd 

l/ = 1,3, - . J, The purity of u .system of two for more) pur- 
lic-les \x given by I he algebraic product of the intrinsic parity 
terms and an angular momentum tcTin p (—1 Y f 

P - (Pi) X f Pi) X * « X (— I ) 4 (7J) 


w Iu-’fc I\ and P s are the intriivsie \ia rities and / is \ ]u vccLor shim 
of the angular momenta of the system* For example, in the 
deuterium nucleus ihc prison in id neutron each uceiipy [ hr 
lowest possible energy .states, in which their orbital angular 
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mmm.-iiin ;sre opposed and cancel, so l ti: ihe parity terms are 
even (+ l for the proton, the n eu tern .find tin-angirinr mOmentum 
term, vm i.In.- purity of the deuleron iseveii (H- u However, the 
intrinsic sipin.s of the proton amt neutron add vec tori ally In 
give 11 o ! r ten Lenin a ip in angular momentum of tiuEl ji - . 

The concept of ay i mu dry of wave fund Sums involves more 
lliati just Elii; parity. The symmetry properties of the Complete 
wave function, including the spin a* well a.> She spatial coordi¬ 
nates* determine the “statistm-H" of particles (see ('hap. If 
1 lie complete wave function is antisymmetric, the p&rtErie obeys 
l hr Fermi- 1 >irae statistic..^ The wave fund inn including the spin 
coordinates can he an tby mi Metric, even though the sptiiii.il \mr\ 
ina y he symmetric. All Irptima and nucleons obey the Kenni- 
Dirac ^LaE [sties 4 1 nd have Intrinsic spin v* ^ ^: the hyperuns 
tided in I able ^ also have half-integral spin. However, if the 
complete wave function is syinrnclrie, the particle nhey^ ihe 
lEose-Ei El stein sEalMicy and has zero or integral; spin. The class 
of particles cailed mesons in Table ^ nil have E> spin; some of 
the HIV-won rewound-* dhiCiiflKd in t "hap. 10 have inti-grid spin, 


CCIMSCEVATION OK PARITY 

Parity in conserved in mi inturaclioB if the algebraic product of 
alI pa r it x l cram> t-nh-riug I he rcacl ion is tl le sa 1 1 ic . i f Icr w a rd. The 
jiiuriI v of the in dial state of the sywLi-Jn is the product of the 
intrinsic purities of I he partic-to involved and Mm angular 
EiiotMeniuiii tarn i j Rp, (7. It]; the pari I y qF the final ^t&le h the 
sturiL- prihlud of the intrinsic parities of ihe product particles 
and their ftugular-nimncntmn lerin. We noted earlier that ilie 
parity Irpu con dug from llic angular moment nm \s even (d-) 
\U is even l7 0, £» . .) and odd (— J if / is udd {I = l, S f . + J. 

It is believed tlial parity is conserved in all internet! mu- in 
atomic physics, tluil \n, all those which involve the electrmnag- 
neiir- interactions helween the charged particles of the atom, 
I'sirity is tilso conserved in nuclear interactions involving the 
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strong nuclear force. The pariti nf a nucleus cun In* changed 
only b\ iJic rupture or emission nf photons or particle* which 
have odd total parity :inCrinsif; parity times parity of relative 
motion), For cample, if an o particle (which has even intrinsic 
parity) is emitted with / = 1 with respect to the v milting 
nucleus* the tobd parity is odd and I hr- parity of Use prutluM 
nucleus will he changed. 

Uiir aspenI nf partly cfrnsel-vation k right deft syimm-lry. 
There appears to be isu distinction between right and left in the 
strong in temetions or in the ekctroiiiugnet.ic interactions. Till#' 
tneand that there t* n« preferred helieity of emit I id particles and 
no preference hi Use direction of ion lash in rein I i vt- 1«► the orienta¬ 
tion "f I he emitted purlirtc spin vent or. hi strong interni-liuii* 
hr-i ween betutis of polarised protons I which all have the Maine 
vector dires lion of their spin* in spare) and pnUrited targets, tin: 
yield# parallel and tLiilipandlcI to Mil- direction of polarisation 
are the same in I lie centermf-nm^ roordinjite system. In radio- 
active decay proct-sseii in which y ns y* nr*' e milted* involving 
I tki 7 dee I roi nagnel sc inti 1 rur l ion„ 13 ivy 1 1 a Ve n r i pref vrre d d i n s ■ 1 in 11 ; 
jus! its inmsy emerge downward ns upward from prdariftud nuclei. 

( onnervation of parity in the strong interactions can ho 
illustrated with Ihe analysis used by Punufaky in 1051 to dL-N-r- 
mine tile irilmisii parity uj the negulive plots rr I’ai'iDbky was 
studying Use capture of - pious in dcutcrimir,. for which the 
i loan inant process k 

T" + d —► n H- n (7,0) 

the negative pioTl p when flowed down by collisions and inni/dic 
impacts, i> readily captured in a Ilidsr nrhil in the denlcrilun 
ji s r 1 'iij 1 Ins orbit nf (he mede ah mi i* niiicb siis.dhr I* h 11 -u* 
eleclron nrbil because of the large pion mass, and the pioii bus 
a large probability of interacting with the nucleus. ThimMinnlly, 
tfse capture in term: I inn proceeds from the lowest energy stati 
of I he iir t rf) sysji'iii, for which / = 0, Since t he rr pi on ha* il 
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spin. I lif total angular momentum of I lie systerci h that of the 
iL f nit-roii spin alone, which is i. The parity of this ^tem is 
lha! nf Mu - pion alone, since the ml rm.de parity of Hit- dcutcron 
i , " r even ami { — 0. 

Non emiskbr I la- filial ft tale of the interaction, Eq. (",£)* 

I hr sintr wI l ich irsvolvc j s t: wo neu 1 runs l ,tv ,h J, Por nngular 
jiminentiim to lie eon served,, the total angular momentum 
including Mm ir spins must be I However, the Pauli exclusion 
principle ffirhlda two neutrons with parallel spina b* oeeiipy the 
same energy sliile: so nne «F the Held runs inii.si 1 ie in a higher 
i ner^y shilr for which the nrbitaJ angular momentum t = 1. 
Therefore,, since the parity of each neutron is even, the parity 
af Mil- i Mate is odd. But the parity "f the initial l> ji) sys- 
li-in w.is shown above to be that of the tr~ alone. Thus* the 
hitriiiAlt' ]airily of then- pion must be odd (—L 

rile pirhii nec|Jt> in 11 1 re l- charge Sljilc-S t , ahd ir l! , which 
form sin iwhtf* jV-w;j f a fc ripieI * <1 i schsmhI i n f'1 1 ap. W. "I'he t hi“ory 

li-ased on isotopic spin would he untenable if Mu- three pious had 
ililfi rent spins or different j jar i ties. There i.s iihso experimental 
i". uleiiee that the -pins of the three pious are all zero and that 
lliH-ir iulrinrie parities are all odd {—!■_ 

The technique of applying the lest for parity conservation 
inv i• It-s Mieeirelicid analyse* winch go beyond the scope of this 
.survey For our present purpose, we wish only So establish Ww 
i'oiicepl of parity ns jj description of am important symmetry 
property uf on Mi re jlnl! to dmw thrM purity is n *' good 11 c plant tun 
onmher in strung nuclear interactions mid electManager tif 
nMmicliun.s, 

Sch i lists, philosophers* and others have berft Interested 
in l In- significance of space-in version invariance. If parity ix 
injii -erved me I Mie above coneluriona are correct, nature does not 
dbLingmdi l k’ tween right and [eft, e.yrn in atomic or nuclear 
ly.steuTs Side nee fiction writer* have speculated on I he clLlfi- 
r-ullics uf i-oimriuniritting our definitions of right mid left In liitel- 
ligt-nces in unolher world!, if nature itself junker no distinction. 
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BREAKDOWN l>F PARITY CONNERYATKlN 

In ILP50 a challenge to the uni venality ol parity conservation 
which \vh* called the M ^r puzzle/ I’hese heavy mesons 
(now known jm kaons) were under intensive .study during tile 
lrCflrw l&hi Io 195IL 1 hoy seeiried Iocoiisls! of two type-H, $ and r, 

whif]| were Jthrrwiia? ident k-al but were observed Uv decay in 
different way*. The & decayed into l wo pcorns while llie t decayed 
into three pious 


A> 


[ * + - t* + *■ 

| r + —* ir f + it 1 + r “ 




I he jlions had f>cen shown Lo have field pariu. sri in the decay- 
in to two pbns, the combination must be even and the parent 
0 meson should have even purity. In the decay into three peons 
a similar (but somewhat more nompheuledd ajmjysjg shows that 
fhe t shots hj have odd parity,, J Jean while, measurements of 
increasing Accuracy showed Jim two mesons to have Else same 
masses and to beha ve identically in other respect*. 

Its searching for an answer to this puzzle, T. I). Lee and </. X. 
ang in 1056 reexamined I In- Imsis for the generally field con¬ 
viction that parity is always conserved and found no evidence far 
I his conclusion fur wcrik inlenctioit.s^ of which thi s deca\ pro- 
ee^ is an example. They proposed I hat parity need not be 
conserved in weak interactions and that the d and j mesons 
could fw> the same particle having two modes of decay. The 
kaon h now known to have odd parity; so si is the two-pion 
decay mudv (the most probable ) in which parity conservation 
h viols Led r 

Lee and \ a fig further noted tlial if parity is not conserved 
tlJ 4 dher ^'Ciik iuHerai'tirms, ii ecus Id had to ni\ asymmetry in Hit 
direction uf emission of jS rays from spiri-piilarized radioactive 
nuclei. lit an experimental test by V. S. Wu F aided by a group 
from the National Bureau of Standards, radioactive cobalt atoms 
were used whose nudes were puh.rized in a magnetic firld 
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hi id which decayed with the emission of 3 niy electron* and 

untmeulrinos 

a? Co™ -> w Ni“ + 0 - + V t t? 4) 

The experiment was performed al liquid-helium tempera I nrrs 
in uvciid the mud disturbance of the poliirixulinri. The intensity 
id electrons emitted parallel; and einI (parallel to the direction 
.if nlimnetic tielrj p which determines the direction of polarization 
of ilit 1 Co 4n nuclei, was measured. These measurements did 
n**l require any change in I lie physical geometry of l lie experi- 
mriiS Hut involved only reversal of tinf nmgnelie field. The 
rr soils showed an asymmetry with more electrons emitted Miiti- 
I jii n 1 11 ■ I tn I hr field than parallel to the tie hi. \ll oIIut p:srt - of 
I hr Ap;>anit iJ&> such as the cosh and currents producing thfi 
fields, have left-right symmetry; m the observed asymmetry 
must be attributed to the disintegration of the Co uncled, which 
k .i weak interaction. Mara electrons were emitted opposite the 
ilii-vHiim nf the Vo** polarization i han in this direction. 

This ex peri menI also demonstrates ji correlation Ictwecn 
the direction of the emitted particle and the orientation of it? own 
spin vector, both Tor the electrons and for the nTltineutrinos. 
More rtectmns sire emitted preferentially opposite the direction 
of electron spin than parallel to die spin; thus llie electron Is 
left humid I" in the sense that it:? spin rotation is l hut u U*ft- 
liandcd srrpw, The orientation of the anti neutrino requires a 
more detailed analysis and is discussed in the following section. 
Thai asymmetry was observed Hi sufficient to prove that parity 
fninservid i«m is viola led in this weak interaction* If parity 
were conserved thk asymmetry would nof riyist and the electrons 
would be emitted symmetrically ami independent of lhc direc¬ 
tion of polarisation of Lhe Co 1 * nucleus 

This result suggested that similar asymmetries might be 
uli nerved in other weak interaction*. Pion twn.■ ia^ were available 
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at neural accelerator laboratories, where experiments were 
arranged to study ihe dcenv ..f pinns inlo mumm and ^ neutrinos. 
The first definitive evjH/riment wmis performed by II Gnrwin. 
L, Ledcrnui n et nl* from t olitudnn i uiversity, uat;i£ *+ Jo f, u 
fh.'Kins from the Nevis eyclolruti, lip decay pTCrfrc**^ is 

T + _* -|- ^ fj’ = I ,s x Vt* sec} (7.5) 

followed by 

p* -> **■ + to + ^ IT « 1.5 X IQ-* Sec) (7J(J 

1 he pious were brought to low energies by absorbers in the beam; 
l.ln y then decayed iuU> nmrm.s, Some of Elie piuna decayed in 
flight, and their union products Wert: projected forward where 
I hey entered and Caine to rest within a hltK-k uf rarlinn in which 
tfiey decayed, .V mlguftif field superposed tin the carbon 
absorber caused pm rssiifn of Mm- ^jhes of ihe positive numnsat a 
rsLte calculable from I heir known magnet if momisjib, When the v 
decayed t the final positron product waa observed in counters 
placed Ht different azimuthal locations tiroum] the beam axis, 

ao UuiS the magnitude of the precession i;lulJ ils right-Lrfl ^nsej 

could lie oljMTccd. I hue-dele y cireuil st were arranged lo observe 
cuch * + m , }± r —*■ r'* sequence clqitnuikally atari to observe the 
amount of prccch^siin, From these observations the conclusion 
w n % 1 1 r.i w n I ha( tlic .s-|>Jn t jf I he rnu*in is iiiitcIed j t jtfere uUa Ily 
opposite its direction of emisstOTi iri tin pimi decay process [Eq. 

! In other words, positive muons arc found lo \n\ left- 

Ei a tided when cum lied from the pion. I has is anriLher example of 
violation of parity conservation. jjl another weak interaction, 
From the Hi- expert unto id result it in possible to draw the 
gem-ral conclusion that parity need not be conserved for any 
of tJl< ‘ yUiik interactions, which agiwa with the prediction of 
Lee and \un,g. We arc justified in applying further theoretical 
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coimdera Ilona consistent with I his prediction . For example, 
many properties sire reversed between particles jih->I nnlipstrtirii^. 
IF there is a constraint on nature restricting its freedom to he 
eoi111ill- 1 1. I> si111111 tv I HcaI, we 11 a ^h I r^pvtt such a basic property 
U* El preferred spin orientation (the helicity) to be reversed for 
an li pa hides. Thr present concept is that if a particle has one 
he Iicily , its antip&rtirle of ihe same will have the opposite 
lielti ity_ I f \ 1 -Txy electrons are lisfi-Jiuiidcd,rad mac tivcly emit led 
positrons should be right-handed. The same reversal should 
apply between neutrinos and anL iiuij triims. In iIlc following 
siniiiuri wr will w thsit llie Facta roufirsu I hose generalisationH r 
S«hh- interesting physical and philosophical cunsequencea 
FuII-hw rr^;<n this result, \\r see th:rL o;i l ure does have a built-in 
m^im" rif right or left. There is a preferred direction uf the spin 
of n. newly created particle emibng from a weak interaction* which 
dilb rs fur lln- different particle*. This cine* not mean that Un- 
spins of all dee Irons in inotiim* fur example, are jilwuys aligned 
upporile tlicir direction uf motion, hut only lint there La a 
preferred alignment when they arc created mid emitted from 
nuclei us (1 rays. In fiiet K we know that electron spins mm he 
“Hipped” fwiln one orientation to another in an atom, while Ihe 
deeln*n main let ins iU slate of motion, by application of radio- 
frequency lie Id* uf the exact energy in resonate with the change 
in energy ntitle of the rh-cirtm in the atom {si h? (hup. 5 b A 
Iii mli 11 of irki-trons van lie polarised either parallel, rinli parallel, 
nr t ran a verse lu it* direction of motion, and Hie orientation of 
polarisation tan 1 jc changed at will by application of suitable 
magnetic and radiiofreipi entry fields. 

Another conclusion now ]unable lias been appropriated by 
writer* of science fiction, 11 should he possible in communicate 
nur definition of right or left to intelligences jn another world by 
transmit ting a complete description uf an experiment un the 
asymmetry of tf-ray emission from aligned nuclei. From their 
re*jiusi.vi- we could then detmiiiije whether their world was* funned 
"f matter or uu Lima tier. 
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SMK COR N EGATIONS I S W I- \K INTERACTIONS 

From: th* experimental rttstdls nn aayrarn^try in wcak-mlcmction 
decay| uiid from general conservation J>rirtfipics, it is possible to 
identify the bdftdti&fr the specific Cornell Lions between spin 
and direction for each of the products in weak-interne lion 
decoys, This requires caution, however, since helieitv must be 
defined relative to a particular potmimah 1 system. For esnmple. 
if si 11 electron is emit ted from n be I a decay process with velocity 
r = OMc and is observed in I lie laboratory to have left-ha m fed 
helitrity, its helidty would be reversed if viewed from o coordlnate 
system moving pzmdEd to the particle with velocity r = D.9&r. 
!>o any particle with a finite rest mass ran only have its he!icily 
defined relative lu jj particular coordinate system. However, 
zero Aim ss particles such as neutrinos will no I have their Udi cities 
changed hy change of qoordinale system, since they move with 
thv velocity of light. HeJieity is a firm properly of zero-moss 
particles and remains the same as in the cmisrion process. 

The beta decay process is (^implicated by I tic parent and 
product nuclei „ which participate 1 in tlie- pioruerHom recoil Find 
in spin ooijRrrvntion, The piircnl and product nuclei in a beta 
decay process have cither the same total angular momentum 
(At = 0) ,ar they differ by an integral rtlue of miguhir momentum 
(A 1 = 1). In the first case (Fermi Uinsitions] where Af 0, 
the half-integral spins of the electron and an tine ut fin® mus! Ih^ 
Opposed in direction and cancel for spin to In- conserved in I he 
t ran si t i o n r In the see< t n rf type ((i a m ri w -Te I ler transi t i nn s; \\ h rrc 
At = 1, the only way in which spin run be conacrvcrl is for (he 
-Hpiras of [he electron and the aid i neutrino lo be parallel and to 
add vectorially h> one. 

Thu transition width occurs in the Cu m decay jBq. (7,4)| \s 
of the Gamow Teller type. tiCo** is an "odd-/, mJd-.Y” nucleus 
for which the total angular momentum is known lo he 1, while 
^Ni fic is on "even-/, eveu-A™ nucleus fur which the angular 
momentum is 0. !So the half-integral spins of the electron and 
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jt.nl innilrhu'j must k parallel Uw their sum to eanw! Ilic-i/ I 
nf the nuclei. Kirn-malic il mil lysis of lhi> rrlrrt a viatic tie cay 
pmccAn *hnws that there is also n strong eorrehitkm in direction 
nfcmk-mici faf the two prod nets; the electron and the an t bleu trine 
sire emiMrd in opposite direction* (in Ihc relativistic limit). The 
experiments by Wo et id. show that Ihe electron is emitted pref¬ 
orm tin I h opposite the direction of its spin (left-handed). For 
Mii k tWM spin,s lo add. the mntineiitrimj spin muH he parallel to ilr 
dirrclnm* Muit is, the rin It neutrino biUst lie right-hantiJed. 

For completeness, the process in a Fermi transition should be 
dcwi'ribed. With _!/ = n for the parent and product nuclei, the 
’.pins of the electron mid the mitineuIrina- nau>t be opposed and 
cam cl. This can occur only if the directions of e mission of the 
two arc parallel they mml go off togH her. With this restriction 
imposed by nm^rviiLiiiM of spin,the only way in which mo men turn 
* ' 4 i11 \h k Conserved is for the product nucleus to participate and In 
recoil with zl TilOi ucnI uni fipnd :md Opposite lo the Slim uf ihc 
momen Lei of the two light products. 

I (insider next the radioactive decay of neutron-deficient 
nuclei whirli yield positrons, such as 

i*F 16 t&i™ + * T + (7.7) 

The pi.'dIron in the anlipurlicle of the electron and b accompanied 
in the decay by an rlretnin iLi iitrino (a particle!. We assume 
thnl ihe ^piu-dim-licm omnUlioti of Mic is opposite thai for 
t h r i* . that is, that it ta ri gl 1 1 -1 m nded. 1 1 lie decay 11 rocess i s o f 11 ic- 
(inrmnv-Teller type, us for <'o** H and Al = L The same ctm- 
chisiuEiH can In- drawn that Use posit run and Mo- elect n.m neutrino 
arc rLull led in uppusile directions* with their spins adding. £o 
I be electron neutrino has a spin opposite its direction, that il. 
is left-lntlldcsl. 

In ImjMi lypea of Ininwliou the degree of longitudinal 

pritarnation of the emitted electrons {or positrons) depends on the 
velocity uf emission through the relativistic parameter e/e. For 
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electrons with very high veil ici ties I hr am ton wiry is large with a 
high degree of spin polarisation in thr- ilfrratinm of omiWun; for 
dower electrons the degree of asymmetry is not So grrstl, As n 
consequence, the |>hy*rioiM.l description givp above is only a cmdr 

approximuli.which is given in ilHn.il by a theoretical analysis 

of the process. 

Now ommder Ilu 1 processes of pion decay into muons. 
Here tlii' h nuiysi.- js simpler, siucr ii is a free particle decaying 
into two product particles and no nucleus is involved, In the 
last section, tin- i ferny [Eq. (7JS)] was shown to result in n 
|i + (an tip-article) with a spin opposite its direction, Hiat in, left- 
handed, and a muon neutrino. Conservation of momentum 
requires 13tw I iliv hvn purl idea be ■ - 111 i 1 ted in opposite directions 
(.'oriNi-rvation of spin requires lhr spin of the niuon ncolrmo to 
cancel that of the muon; so the Ninon neutrino is ee bo bf I-handed. 

Negative pkitng cun also decay into muons and anti-muon- 
nmlrinoa in the absence of matter in which they might othvrwbfp 
form laiesic it torus, The process is 

+ ^ ( 7 . 0 ) 

In this ease, i he spins of the muons are preJWetilially aliened 
parallel to the direct ion *jf emiiisliut, ruu| so are right.-ha Tided. 
For spin to he emi.-arml* the r- M must also he right-handed. 

Jr Fig. 7.4 ihese conch si ons about the mil hi orientations 
of spin and direction of emi.^aou arr summarized for all eight of 
I he jeplnms involved ill Wcsih irihnuOnijS. Suhtr ijiU-resthtg Ctirfr- 
In I ions can he noted. Both the viceIron neutrino and the p 
neutrino are Icf I-handed JimE Eire Id cn lira I in this respect as well 
*i* ill M lei r other prf tpv r I i ra , P |' \ m t Wc ■ an! in cu l ri i iu.s are ho 11 1 rig I j I - 
handed. The preferred he Li city of the a union in w decay is 
right-handed, opposite that of the electron in belli decay. The 
significance of hel icily for part ides with rest mass is questionable, 
ji." discussed above, und secius to have no bearing on the basic 
problem why flu- mums exists. 
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I'lmrged pious decay primarily I h rough tin* 'muon ninile s m% 
iltiiHlriLi> • I in Kij, (7.5). They aIso decay with the eaiisskm 
of deetrou a through the much rarer mode 

r 1 -^ ** + I * (™) 

In this cj i > i 1 I hr hdicitie* also conserve nogulur moment mn. if 
titff electron nnd if* nut incut rinn are both leftdiu ruled* agreeing 
wllji I hr condLi.sioiss above. The suppression of the electron 
inolle ih'fu mU mi u theoretical argumeril involving the mass of 
the pari ide. if l In* n j M inrush t'iF tin- electron wenv Sfiefo 1 Ins reaction 
would (nit Mt-rur. 

A similar rundiLiion hclwcetL ^pin and direction is observed 
in ii|her decay involving the weak interaction. For 

example, consider the production and decay of the A" 


*- + p * A + K a 
A n —* p +- w~ 


{ 7 ,m 

{7JI) 
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The production process Is a fast reaction involving the strong 
nuclear force, in which the trajectories of the w~ w and A r ° estab¬ 
lish n plane. The orientation nf I his plane in space is determined 
by the spin direction of the particular target proton* and the spin of 
lhe A fl is also oriented relative to this plane, The most probable 
spin orientations for the p and A® arc perpendicular to the plane 
to conserve angular momentum. (Note that the x“ and K n both 
have Eero spin and arena L oriented,) This spin orienlatkm of She 
A" is observed hi the decay process \Eq (7.11)] which is a weak 
interaction, where I he proton* ure Found to be emitted pref¬ 
erentially on one si tie of the plane defined above and the pions 
oil the other side. \s another example of r i on CO fj scr v a tkm of par¬ 
ity in a weak interaction, it shows a correlation he tween spin and 
direction for the prod Lid proton, a correlation which is nut 
observed in strung interactions. AppEirmtly. the distinct ion 
between right and left in nature i.s not restricted to leptons but 
*lsn occurs with baryons when they arc produced and emitted 
in weak interactions. 

Wn can conclude that the violalion of parity conservation 
hi the weak interactions is m important a fact of nature as its 
conservation in the strong and electromagnetic interaction*. 
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CHARGE 

INDEPENDENCE 

AND 

ISOTOPIC SPIN 


THE forces THAI tnrvn nucleak i-a jitxcl.es together are evi¬ 
dence for lhe strong Midc.tr internet hm. These si rung fnrw« 
nrt 1 hIm. involved in She interactions between proton 5 . neutrons, 
umf mesons which occur :l1 very high energies.tnd in vuryshort 
limes. Tliese interactions include I In: scattering iff sine particle 
by Another► the production of new particles, including mesons nr 
heavier product |he axiruhila!hm nf antiparlicte.',, etc, In most 
at the iri tern eti on* of interest the incident paiin-Ec^ have very 
high energy and velocities dost- to that of light. The time lu 
cross a midrOEl and internet is ex train dy short (at I he order uf 
jo - 1 see). We cull !Iu.se interactions strong lieejittne even in 
this brief time the force is strong cm. ugh to chum- I he in term-lion. 

Nature Fipplies certain constraints on these slrt.ng inter- 
actionSi certain limit a I inns which allow some interactions to 
fM?eiir and others not to occur Our method of system M i dug 
experimental evidence is to fori mi hi N- ei innervation principles 
imd wire linn rules which apply. Tn this ease, two new consent - 
tiorj laws, isotopic spin and strangeness which are discussed in 
tlds ond the following chapter, have hct-N Introduced In describe 
\hr special properties of the strong in I cruet inns. IV iso in pie- 
spin conservation law is limited in ils application to the strong 
interactions and is in addition in the live dn^sca! conscrvaiion 
hiw-^ described in < hup. Sand I tie purify conservation principle 
discussed in Chap, 7, 


t-HARGE INJIEPEIVUENCE 


tV lien I he neutron was identified as a component of nuclei, with 
a mass very nearly that id the proton but with zero charge, 
iS fiecame necessary to consider the problem of nuclear lability. 
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I 1 ™ tons jitnl muitrnns must attract nwh other with :i very rdrorcg 
nuclear force of u rrmipletely new type. Tli r two particles lire 
fuiiini to have many .similarities, particularly with reapect to 
lhe energy levels which they occupy in nuclei. Pot example, 
in the M mirror" nuclei among the light demen Ls f 11 3 lie 4 * Li 7 T\v 7 r 
iti If, V**-S* a . etc. I, in which the number uf nucleons is the 
same lull the numbers of prohum and neutrons are interchanged, 
the landing energies and the excited *lalc-* lire uliimsL (lie jwnie 
IE| ear'll pair, and llie- small differences run he explained by Ihe 
dei-lro magnetic effects of the different nuclear charget, Further- 
mon 1 , studies of proton-proton nod proton-neutron scattering 
allow that the purely unclear interactions arc id en Is cal. The 
nuclear force In 1 ween ihe two [►articles is In,1 Impendent of whether 
they arc charged or neutral. From sijcls evidence, the proton 
cl ml neu Iron can ie to he recognize d :lI jin early stage a s two .sub- 
sltiles of the name basic particle slate, which we c all the nucleon. 

I SOTO PH: HP1N 

Thin charge independence of nuclear forces led Heisenberg to 
proptwr the concept of #< duirgc l+ space anil a quantum number 
called ixuittpie spin to identify the two charge subsidies in which 
the nucleon r\bLi. Isotopic spin enu be represented by u vector 
with quantized LiHnpiiienh having unique directmns, analogous 
to !hr vector* used earlier in quantum diedutuii, 1 * to describe 
spi is a is d j m pi I n. r 11 mi i lc 1 l 1 1111 l in a t< mi ic a nd, ti uelra r j d iy s i c^. In 
isoto] lie -spin space [/ space) p Hie micleon ts a doublet with two 
charge states, positive and ncutraL Thus parallels the spin 
doublet i+^p-U of Lhe electron which has half-integral spin mid 
which i s reprI-periled by it vector having two directions* parallel 
1 L r j d anti parallel to ihr dbretlon of tlio orbital jenguhtr momentum 
vector. 

To utilize the theoretical relationships and the quantUtu- 
3 e Lee him icul bodkkeepi 11 r. i I eve lope 1 1 for the spin quantum number, 
llie terminology and the assignment of quantum numbers for 
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isotopic spilt have been taken (somewhat arbitrarily) directly 
Fnam past practice in describing spin. Since tlir rxiditLngr of one 
nucleon For another in nuclei h-ada to Isotope* (actually, isobars), 
this new kind -if spin L called isotopic spin. The name is a 
misnomer based on this analogy* it hns nothing whfttsoever to 
do with isotopes m the term is used in nuclear physics* nor 
with any median iced or quantum concept of spin or angular 
momentum* 

Nnse.nlKTgV concept of isotopic *pin was the hards for u 
mathematical description of atomic phenomena useful in nuclear 
physics* Now ever, it was Tunny years before I he full significance 
and physical content of the concept became evident, with I he 
discovery of the several families of strange particles in the J9 j5Gs; 
these particles had similar niiissw?s and other properties bid 
occurred in different charge slates. A number charge mul¬ 
tiple Is were observed among the strange particles, including 
singlet*, doublets, and triplets This experimental evidence.* 
gteaUy eniiJincCij the -dgnilieu nee and usefulness of the concept of 
isotopic spin. 

Singlet isotopic .spin states are aligned the quantum number 
/ - 0; examples arc the A and ti" particles* nidi uf which has 
only one cfinrgc state. Doublet stales arc Assigned isotopic 
spin / = £ and include particles which have two charge stale* 
such as the nucleon (positive and zero) and the H particle (mto 
uni I negative). IViplets arc assigned isotopic spin / => 1 and 
include tlm.se particles which have positive, ui utmb and negative 
members, such us the pi on rind the 3 particle. 

When the extremely short-lived static railed resonances 
were observed and studied (see * hap. lib. I he value of the isotopic 
spin conc ept became even more evident. The A"* resonance whs 
fonml to .have isotopic .spin / = According to quantum- 
mechanical principles* the number of substairs ur the muUiplu- 
iiy M of an angidiir-inojiienlutd vector / i* given by if it + 1. 
bor / = J, there will fir lour suhstutrsi which can be visualized 
as having the four vector orientations j. J. — J, Charge 
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occur* imlv in integral multiple of rhi- electronic rtmrgc q. The 
interpret to. m of the four charge sqbsLatcs indicated fay Hti iw topic 
spin of J is Hint Mie four iiuupIkt* have charges of 2 <y, lg, II* 
mH | — \q ¥ reaper lively. Here is the first example in nature of a 
purlu-h* Mule which li»* mure limn a single unit of electric charge. 

! nforiun&Lely, it is no! p»*»ihlr to observe Uio -loubly eharged 
sUU* of the S* re* 11 mi nee directly Waua.' of it* e^lrenidy short 
lifetime. Evidence fur its existence from the r*N*tini|il.ion 

of conservation of charge in the prod net ion process and iti Ihe 
otnervation of other properties eunshtont with a slate having 
isolopie S]lLN 


TilIKD COSlI'llNEMT MT ISOTOPIC SPIN 

l*#U>pic -1 tin f is n vector in charge sp&ce whose magnitude 
dr I ermine* I he number of allowed oriental mu* of this vector, 
given by the jmli tipi icily St = 2 / + L Each of the allowed, 
orientation* defines n particular change sub*Late. The ffciVrf 
eoMpcmrafl of isotopic *pin is the component nr charge subs to to 
which i* | mm I Set In the i *n topic spin uvi* for Llifc particular sub- 
state. This symbolism parallel .n the use of I ho 2 compom'ni. of 
angular moiitfentuni tti llie formalism of f |lljui 1 ueii mechanics, 
where the % component is parallel In the total angular momentum 
axis. 

The third comp.rut can be specified for each member of 

ti charge nmltspiel. For *mg]cl slates with / - lb the Miird 
compimen I /i = l>. For doublet stales with J = A* the third 
component /a = +{ tor the “iliohL piutitive’" meinl *r and / = - J 
for the “most negative" member: fur example* i; +i hjr the 
prolan and — J for I lie non Iron in the oudron doublet; and 
/ B - H-j for the neutral ami -J for the negative member of 
the 2 doublet. For triplet state* wilh / - I, which have posi¬ 
tive..trail and negative charge sufastuteSi Hie values of h are 

+ 1 fc U, and 1 * J i *pectivcly. In lhe special case of u quadruple! 
utile, such as tlit" A* resonance described above bar which 
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/ — ihe value* of h fare +f P -FJ, — *J P and — j[ for the 
four sijhslales with charges of %, lr/ h D, and I — y, respeoLively 
Value-S for the ihin.I cnnapafirul /a for each of I hr observable 
particle* involved in strong interne Lions are listed in Table £. 
For anLipzirLicle&p Lite flips of thi- third components are reversed 
in recognition of Hie reversal of d large fur a n I ipar Heir*, 


CONS Eli VATIOH OF ISOTOPIC Sl^EN 

The- 11 ieiinINju number f. used to spnify tin- isotopic ^|>in *?r a 
dmrge multipit?t, is an intri ndcaIly posi I!iv « 1 nuni 1 mr w 1 1ic 1 11lefilie* 
the number of charge subsInLcs in I lie mill lipid. The isotopic 
spin i-s iJu" suiue for aniiparlidcs aa for particle*, dine ihr number 
of charge states in an ta space is the sonic as in mil space. 

( WflerttifAtVlH of ijftrtnptr a pin in rati* Unit tilt* re I* tin cblUlgt* 
in the victor sum of isotopic spins during an mleracHom The 
probability of any process, or the strength of the interaction, is 
unchanged if I lie tsrjlnpic spin vector is "rotated” in f spAee 
iil a miinniT in whidi the total isotopic spin (miniher of charge 
s Lutes} is ccm served. 

Isotopic -spin i* conserved in nil strong nuclmr inUTUCtioo^. 
In those interactions which involve the strong nuclear bare, 
nature does mil care whether n particle carries an electric charge 
or not, bn 1. c u l1 y w h C liter the total rt ttmh nf nf cKa rjp■ > 1; 1 . 1 r.- r■■ 11 ui i 1 1 s 
constant. Protons and neutrons net identically as frtr n> their 
purely nilelenr ililrniel inpis afe riincertiert. IWlive, I legal ive, 
and iaeiilraJ piotis all interact with nuch'piis, or arc produced, 
with the same probability. Interactions between mid eon s and 
pions in which I lie signs of the charge* are interchanged bul 
whidi re present only a "rotation" of the charge vector hi I space 
have 11 m 1 sftnie cross M-cliou. An i-vainph- is in I he two seal imug 
processes mid iir t )t), which neeur will* ri|iia! probata It lie*. 

The I bird ccmiponrfif of isotopic spin is also conserved fnr 
all strong nuclear interactions. Third component /, delinks llte 
orientatjon of the charge vector in I spuee for cadi component 
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nf n charge imiMipiel. Since- f is defined relative to ihe same 
vector usix for elII particles involved in nn mleraHinh, I hr alge¬ 
bra je sum of third components is the quiMitily conserved. 

1, 4-1 us Ulus I rate conservation of spin and its third 

rnnijKinent with I he si rung interactions l>Hwrea charged pi mis 
and protons. First, witli positive pious, lhe only two*prnducL 
interaction allowed by charge con Nervation is el as tic seatt firing 

r 4 - + p—* * ¥ + P (JiJ) 

Isotopic spin in a vector. For pions 1 I and for nucleon § 

I 4* th'" vecLor sum could he j| nr \ and muni he conserved. 
To rimj which value of I is involved, consider the third com¬ 
ponents /, = -|-i f ( .r w a and h “ + * for Ihc proton; I he nlgt>- 
braie -sum of h coiupummts is H-^.und therefore the total iso- 
topic spin I must be 

llruM-vi-r, with negative pious two interactions are a] I lj- wed 
by r I ii urge cruL^-rVfltion, rlnxtic scattering, ami charge exchange 

p ic~ *f p 0 ^) 

atifl w~ + p —* w * + fl 0 ^ 

llcri also the vector sum nf isotopic spins may Ih- |j nr \ and 
niitsl W I'm ii served. The algebraic sum "f t hint coiiipom oh* of 
the particles eniemig the interaction is f :. — —1 -hj 7 — 
Fiji- I bird i'!HiN|iuPirll! is conserved LEI I m ilh in Ecfacl sons above 1 Hit 
through diJTi relit channels: /a = — I = — J for l Im sejillvriEig 
pmress and l\ = (I — \ = — j for tlm charge-exchange react inn. 
Untta the I ! mid I = ‘ states could give thb, re.suIt fur h; w* 
both states ran exist in I lie (x ,p) system. 

The experimental observation* of the total soiiUwing-, cross 
^■eljori nf pi11Eis on protons ns a funrNoJi of jiion energy are shown 
in Fig. H I. With w' pinna, a single strung scattering peak is 
observed at a k meric energy of a I tout I Ho ^|c\ . J his is assu- 
riiileiJ with scattering fmm the isolopte-sph stale of I J 
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I'i jL, r « It. 1 Smtirring af tt ' cim/w n fr^Jri prof . . ajt a / n,' j^lj'r/n 

r/ pieri fflfl-jlj/. 


iinci 13 called the ^ resonance; With x - pious, both isotopic- 
spin stairs ft re involved* so tile ;? resananfce is not jis prominent 
part of the lime the react ion proceeds through the / = ]. eluimiH, 
which occurs at about 1000 MeV lor tt pious. The mldiiimml 
si,metnre in the cxciljLliori curves at higher cru-rgieN i* due to other 
resonances* which will he discussed further in t’hap. IU, 

VONCONSEm ATI ON 41 ¥ TSGT0P1C SPIN 

When isotopic spin is not conserved in in i<- me I ions 'between 
nuclear panicles, the strong interact ion ih forbidden. If the 
strong interact ion is forbidden, the process con occur only through 
a weaker interaction* which \* generally much slower, ll is jn?,t 
bemuse tMilopic-spin conservation is violated for nil modes nf 
decay which are allowed through other conservation laws, for 
all of the strange particles, that these particles cannot decay 
promptly but survive to decoy through the much longer-!ived 
processes of the electromagnet it- or weak Interactions, In fuel, 
this property gave the atrangc particles their rutine. 
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("onservation gf isotopic spin is violated fur electron ingne tic 
interactions, As far m we know* (Ins is the only conservation 
law which is not common to l tie strong mme] I.lu- rlccLronj ague tic 
interactions. If iso topic spin were conserved in interaction-* 
Involving the proton and neutron, charge symmetry would be 
complete between these two particles, With compli'lc charge 
symmetry they should have the same mass. It is just tjccau.*c 
charge symmetry is violated in the electromagnetic Interne lion 
that there is a mass difference (of about l.S MeV) l^tween the 
neutron and proton. 

Electromagnetic interaction* c-jiti occur* even involving par¬ 
ticles with fcero charge, where a photon is either iti incident radi¬ 
ation or a product radiation, For example, the jr' h pion decays: 
through I he elect r or n ague lie interaction 

w“ -* y + y IT = m X Kr PB see) (84) 

111 i- isotopic spin of pious is I. and the third component of the w 9 
is 0, n is not possible to assign an isotopic-spin value other than 
Q in the photon, and even this assignment has no meaning since 
it is not conserved. So Isotopic spin is not. conserved* and no 
value is lifted for the photon 

Another electromagnetic decay process is that of the 

2°—* ^ 4 y (f < 1 fr ]4 sec) ( 8 . 5 ) 


The hsotoph- spin of the is 1 (three charge stales), while that 
of the A" is <> (single charge state I; so conservation of isotopic 
spin is violated. However, it is interesting to mite that third 
component h h conserved fo this process (if /i is taken to be 0 
for the photon). It seems to 1 m- generally true that /i is con¬ 
served in elect mmugne tie interne I ion s P even though / is violated, 
I m topic-spin con^rvstian is also violated in all weak inter¬ 
actions. This is true even though alt particles involved in the 
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w uti k into rad liun are s tron gly i n t c ran H i tig particles. A s n n exn in - 
pie, consider the decay of I hr A 6 

A fl —* t~ + p 

(T=l .S X 10- 35 sec) {&£) 

and A* —» n- n + n 

In both uf the-se decay procc&sr* J changes from n In ,] (nr |J P 
and third component /§ dnmgc* from 0 to — T So IhjIIi i.^ 3 topic- 
spin and third-component conservations nrr violated. 

Leptons, which include dwtrons, muons, and neutrinos, are 
never involved in strong mick-ar interactions, Their prcKturiiou 
and decay processes all proceed through tlu 1 weak or eleoLro- 
magnetic interactions. Iso topic spin is not involved in any of 
these processes; so on assigtmicDta of this quantum number are 
made for leptons. 


STRANGENESS 









WHELK THE 8EVE1RAL. NEW TYFES uf fitraHgc pitH inks (tile harms 

am! hyptmn* lifted in Table id) were being intensively studied 
with the first mtdti-billkm-vo!I accelerators in the early 1050s, 
it became evident th: j t Uu s existing conservation principles were 
n ot FLi] vi |ua I r, r Th i‘ very vx isteiice *'f r hi b se nr- w j miF licks (tHjh \ noL 
In 1 understood unless some* hithrtin unknown property' of nature 
wa s in velvet I. It seemed that there must he some further 
constrainf nj>cni nature, some new symmetry principle, some new 
conservation law. 

In IEM7 il. D r Rochesterand i\ Butler of the 1 nivorsUy 
of MamJwhtar reported the first v\ iik-nn- for ihc strange particles 
with the ohservaUiTin of V Inn k* in cloud chambers exposed to 
cosmic rays n i high altitudes (see Fig, 4.0). Nul this e vide nee 
wan too scanty to draw any conclusions about the properties oT 
ihese pur I ides, except for I heir probable existence hh cnhlie-s 
and the fact that some had rrmsae*greater than the nucleon mass. 
The first op]mrlunity to study these particles in del ail caiiiu- when 
thett-(ieY ruHinnl rnn \\l the llrookhawn J-ulpuratory wu* brought 
into operation in 10o£ and when a large Itr| qh l-lLy l[ rabubble 
chamber with a magnetic field was installed to detect and observe 
I he interactions in lfi5-b 

These particles ivere culled strange because of their unusual 
behavior, They were produced in liigh-^ncrgy colIinSon:* of 
strongly interacting particles .such ns pinriw and nudcuji*, with 
u high probability f Large cross -section) compatible with the 
strong nuclear interaction. The time associated with such u 
strong interne Hon is equivalent to that for a particle moving at 
the velocity of light to traverse « mickttu T which is of tlie order 
10~ S1 sec. \ el the strange particles were observed hi have very 
umch longer lifetimes, decaying into UghUr-mH^ products with 
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half-lives of 10 '■ tu 10 ! see. This indicated llml they were not 

decaying through Use fttrong interaction but through u much 
Weaker in (.tract ion witli ii force const an N about 10 11 of that of 
the strong in ter action. AI though their lifetime* for <U -my Eire 
short in I lie lidmralory I inn- scuJc, they are extremely long in the 
ti me scale □ r n u clear t n te me I i r*lis, 

ASSOCI ATE!* PRODUCTION 

An early theoretical hypothesis* proposed by A, I'm*, was that the 
strange particles ;ire produced in pairs in strong in tr radian 
processes but, following their separation* they rh-cay individ¬ 
ually through a weaker interaction^ This nsioeiaiaf prvtludifm 
was observed ftL Brookhiiveii ill MM54 in bubble-chamber photo¬ 
graphs of Hu. 1 tracks iif the charged particle pmduH* of Inter- 
ncLioM between high-i-siergy incident pious und proton* ill the 
liquid hydrogen. One of the earliest rsjainples was the observa¬ 
tion of l wii inverted V tracks produced in a single even I which 
wiis initiated hy an in coming I.54ieV negative pion, Ulus t ruled 
in Fig. UlL One of the V tracks was found to consist of a proton 



Fig* 9.1 Ptfrha-tioti Eif rfmng* frartirhs ht} ‘pifitte! tfw 

' " /i 1 rnoLha ren / nterac.tiyynJ 1 ' 

■ TTlTr^L- 


ami Li negative pion: the other was a positive and negative pion 
pair. The npese# of both V tracks pointed toward the term inn- 
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Ikm uf an incoming lugh-energy pinn truck which stepped in I he 
chamber Presumably* the initiating ewtil produced Mv« neu¬ 
tral parti do** which I hen decayed min l he two pairs of charged 
puHielca, lit I he prese nt terminology these are r^LlLi-^i the 
lambda-Eero and the A"-zero particles 

tr + A‘> + K* {OJ) 

The detay processes of these neutral particles which pro¬ 
duce l lie observed V frank* rtn- 

A *^p+w- (T = 1.8 X in- ]U sec) (SJ) 

K*- MT+ + T™ (T = «b7 X 10-^ set) <M) 

T|u distances traversed by the neutral pari ides before decaying 
arc compatible with llie present values of hnlf-Jifc for these 
pal-tides (given above). The curvatures of the four charged 
particle (rack* in the magnetic field of I be bubble chamber gave 
a measure of their mouitmtu 4 and She ionimillion densities allowed 
the pari ides to he idelit [fieri -n that ilidr riicrgics cnuUI be 
determined, Hy using llie accepted values of rest mas* for I fie 
product particles, and their energies* the mass of the neutral 
particles could lie era feu la 1 eel. 

COtVSEHVAT 11 >N QF STtt V Si: KM -,S S 

The .isHociatvd production of the strange particles .md I heir 
individual si ability against fas l demy wm- 1 he featured which 
earned them the (itlc“slrange/ 1 To “explain 1 ' these phenomena. 
HI. (Sdl-Mann and independently K \tshijmia proposed I hat 
l here musl be iinolln-r conserve I kin hw in cffccl* which holds For 
strong interactions and permits the large production cross cl ions 
ohstrveil, but which m violated for jlII posdhie decay prsK-esses 
of the individual product particle*, With no si rung mlernHirm 
decays allowed, the products will survive to < teeny thrcmigb the 
weak interaction, This new conserved quality was called 
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fttrongm II is d escribed by a quantum number iS which is 
served (algebraic sum uhi-hjiMfjjed) mi ji slrmig interaction. 

Hi. initiul assignment of range numbers was some- 
whnfc arbitrary^ “.MornanJ 1 * strongly Interacting partidrs such 

!i.s pintis am I nucleons v ere assigned S = U; the A'" purlidr was 
assigned S -■ H- 1, mid Lhi" X' parlirle S - -I, Hut na run re 
strange particles were found ami fitted into the scheme* 11ii h 
jis&ign merit was found to he consistent with either related proper¬ 
ties such jsulupir spin uiid baryun number asdgmnent*, [t 
was Bonn discovered thml strange particles occur in charge mul¬ 
tiple I a with dtiseh similar irm.sses* sudi ns the (K+ t K*) doublet 
"r the (E + 4 E'* l r - - ) Iriplcl. All members of such a luuHiplet have 
the sarnc strangeness number, AntipurE idea are assigned 
strangeness numbers opposite in sign to those fur their particles. 

As III." cJfperNiirtiliil evidence f^r fUatfe and Inure strange 
] Hiring as m-cu pm slated, I hey were assigned slramgcne^ n him liars 
on 1 lit- Stas in upturn ibal aLrangenfS’r is conserved in the production 
processes am j tti other fast ini enactions of strange particles. 

Sniist' examples of hi 1 fraction# lending to strflngpncw? assignments 


are 

ir" + p -> A" + A 41 

t J -j- fr. —+ K “*■ d - A® 

ff- + p A" + R- + p 

TT+ + P~* ~K" + A" + P 
x -|- p —• K + + I 
*•+ + n — A r " + 2+ 

£- + p -» n + 2® 

A 7 + p - - A' 1 * + S® 
x- 4- P - A' u + A' + + 2“ 
A - “h // ■ A® + A ,+ ■+■ f! — 


iS = + | for A® 

{!»> 

if =» — I for A" 

S' = +1 for A+ (346) 

S - -1 for /F (04#) 

£ = -1 for K 7 ' (W44 

s -1 for S (34*) 

S = -I for S + (34/) 

S = - ] for 2" (fUsr) 

8 - — 3 f or £® 046) 

s-UforH (94f) 

S = -3 for 0“ (S4i) 


Thojst 1 of strfinpenBhH nuiubfr line Irslril in Tiilile i. 

Stritngwnes^ is fiIsm consfrvod in tL'Ctroiiugiietir inUmiiimt 
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if the phot™ is assigned S = 0, In mie care where a photon 
i&£L product ijf h dmFitfe particle decay, strangeness is conserved; 

E 1 * —► A* + y ( T < 10-'* soc) (9.5) 

Si ran gene* 1 * (■on nervation \s violated in the dow decay of 
M range particles into lower muss particles and in other weak 
interactions involving lepton* fe-, ft-, mimI v fiM )„ No strangeness 
numbers sire assigned to leptons. 

The requirement for conservation of strangeness and isotopic 
spin in strong interactions is the apparent reason why other 
passible production reactions, which might alln-rvise he rdlnwrd, 
do nut occur, such as r - -f p ~**A D + * r| . Isotopic spin and 
strangeness iMUitferviition are both violated in this interaction; 
it Jifijs mhi been observed. 

The conservation of strangeness lias a el use relationship to 
several other conservation principles, such as those for electric 
charge, isotopic 4piu, and Imryun number* The charge must be 
integral (+1,0™ -l), measured in units of electronic charge q. 
Isotopic spin / described I he uuikiImt r»f rharge 1 states etf » charge 
multi pic l. and I he third component h specifics the charge state 
of each component of the nmlliplet* Lfaryon number is Q far 
mesons and is ± I for huryuns amt nnl ibnryons. For the several 
farm lie* of strongly interacting part ides (hadrons) we find the 
folio w ing retnli u n ip#: 
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The rein l i unships above can all be sum marked in the general 
relation between the four quantum numbers 

¥ ~h + l(S + A) (9.6) 

Since liietfe four quantum miming an* irilerrdalod, only three 
are necessary to define a strong interaction process completely. 
In other words, strangeness is not a necessary new quantum 
number but can b* represented by ri combination of the other 
three, or any three of the fnur can be selected to describe a strong 
interaction. The three which are most commonly Lined art- 
a ( ran genets , isotopic spin (ur its third component)* arid baryoji 
number. In applying cuuservatiim taws to strong interact tons, 
we use the quantum numbers S r /. and ,i + The charge q enters 
only in checking for (he conservation of total dccLric charge 
in an in Israel ion. 


PROPERTIES OF K V0NS 

The heavy mesons tilled kaons are alw'ays produced in association 
with another Grange par tide. The K* produced with (he X 9 
in the early Hrookhaveu esperi incuts waa assigned strangeness 
8 = +1 [see Eq, ffh-td)J. When if -1 ' pions were used to bombard 
neutrons (using heavier nuclei as targets). K 4 kaons were pro¬ 
duced in association with A" particle and werc also aligned 
8 = -f- l [{Eq, (9.46)]* Atltikaons were produced in iMMinlion 
with kauris. Mich as the A” and the A"- |Eqs. (®.4r) and (9.4d]] v 
and were assigned 8 — 1 . At higher cni rgie^ tin- Hntikaona 

are produced with antihyperons, which have positive strttTigerie^, 
The kaons themsdvea can interact with nucleons to produce 
still other strange particles. Depending on the energy available, 
either the- A r 1 or lLs antijmrtidc the A"' 1 erin Ih 1 produced :ls long a.* 
strangeness ix conserved with the other products. 

An example of a inultistep production and decay prrjscesr? 
i Eli tinted by a A' - kaon in a liquid-hydrogen bubble chamber is 
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illustrated in Fig, y.tf, The initial fast intenurljon results in 
three products 

JF-f-p-S-+ £* + ** (». 7 ) 





—* A® + IT” 

A n -- p + it~ 
V* + *- 


StrajigemvvH is Ctinseirv’Cii in Ihe initial pradmlian ioltTni linn 
liul is violated iji I in- Lliree dn-ay reactions. \«lr tli»t I he h‘ 
Hhliknon rltrnys in In the s&tsir products aa 11 lc A 11 ha mi. 

J Ju- behavior of known in I heir decay processes is quite 
tlilh-rmr from that of any oilier particles. In riiap. 1 i |n- jiU-t- 
itjdf.c in odea of decay nf charged kamis into I wo pirm + or three 
pi«w were dismissed [sec Fn\. i'7,3j]; this \ui*v\ uU uvv for the vin 
In.lion of parity mnservatiun in weak mlcruelinns. 

E fie decay of the neutral A" 11 jlmc| K katiits Ls even more 
unusual. They are also observed to decay into either two or 
I tree [ i Uni s through 1 w o | a ren ■*■ sscs lia vi i ig gran l ly 1 1 1 1 fe re n I 1 ud f - 
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live^. -iaf 0,7 X 10“ 10 and }■ X 10 _ - sec. The two-pi on decays for 
I lie A ami the K" k.. cun lie written 

A'" —► IT 1 " + 7T~ Or A n —► TT fl + T n {9.11} 

and K~* - *- + tt* or A* —> * n + ir* 

The decay proi J im-1s of the two A n pari ides are identical, and 
thr jii'i ih.il'ilil it 1 !- t»r iketty lifetimes slioultl l>e Ihe saint*. The 
three-pi* mi ilt-t-ny processes for the Hvt, | nirth-lcn lire 

K* -t f + + »- + TT* (S J£) 

fi’-nr- + + w° 

II, ■re ilImi the decay products are Ldrulicid, and the lifetimes for 
decay slant]Id Iu- tht- same. 

hi am iiU-ririja| to understand this complexity hi Ihe decays 
A- Puis and M. Gdl-Murm proposed that Ihe A''and A’ exist in a 
stale willi jin equal probability of having $ = -j-J and S ^ — 3, 
Thr quantum-mechanical description of *uch u combined si air 
Inis Sw*i terms which can 1 m- combined as dthern stun nr ?i differ¬ 
ence. la I best- two combiim lions Ihi probability for decay into 
two pious \& rither enhanced or canceled, Such a combined 
sULc has a probjdiilily of decay which oscillates, through virtual 
pr< Misses involving the cornu ion n- product#,, hr tween being 
a K " nr ji K The decoy alii Lea, wliicli are cumlMtiftlkris of the 
erciition states, an* given different aymhuls, The wnstructi ve¬ 
in t inference state winch Iih-s a high pnliability for decay into ar 
pic>n pair is given Ihe symbol A'^; the state fur which l lie proba¬ 
bilities cancel is given 1 lie symbol A'' The decay lifetime for Ihe 
A' j is rrhi lively fa si. 0.7 X IQ -1 swe. For ihe A'! the decay 
into pi on pairs is forbidden; so the state survives until a I decays 
through l he more complicated and 1 owner probability process 
resulting in three pious with a longer lifetime of \ > 10”* me. 

The explanation above seems to represent the ubsurvnIion.s, 
l lcis urnisiiid resonance behav ior menus Mint once either a A’" or 
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Ji A’" is formed, Micro is a 5 (J percent probability l hut il will decay 
in either Mm A 3 mode or the A"? mode. A A" beam, from either 
smirti\ will rapidly turn inhi a Ah beam an the A*f dies out wUh 
Mir dinrfcdived two-pion decay. The A*? beam, in Mu- al>smeecif 
rnul ter, decays into Mirce piunswith the looker ]ifeUme. These 
properties of l hi- K y kuuns are illustrated. sehempiLieaJIy in Fig, 
in which the fast decays of the A , and the siow r er decay* -rjf the 



f if;. 9.3 Htwrtrat i'opt 0 / rfnwWr nhcvjf o/ u /v° fjetTar, 

A': sillicig nil cvncuHttd 1 km ro pipe are indicated. Thi s. Lcrhuh|ue 
providi-v j i im-r-hu raisin for separating the A' * 1 Warn for experi¬ 
ment nl studies. 

However, in nuclear collisions tlic ff' can net sis though it 

I ms either positive or negative strangeness* since LI can Ik- drs- 
cHIkkI aa a combination of K Vi and K ' stains, JhiUi the K\ and 
Llie A'i tan Jiavr fmrlcnr interact inn a in m&EUr which result in 
producing Hie \ a which lias K -- — I or, alternatively, both can 
produce Llie A w wliii-h lias S = -hi, 


HVFERCHMtCE 

An alternate tertidnolgy for the wtrangem-Hs selection rule has been 
proposed by fr I Chew, M_ (■ell-Msinii, acid A. II. Rosenfctd. 
in this terminology the i[iianiiim-tittinher hppxNthtirffr Y i* used 
in place of f.tnmgcness S m Hypercharge is twice iamiply to make 
it irilcgfaJ) the average charge **f a particle charge lrmltiplet. 
Average charge ia just what the name implies, the numerical 
average of the electric charges of the multi [del. The average 
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charge q for a triplet n\a\v i + qJh — q] is 0, mj J = D; that for u 
neutral ringlet is also U: for I be nucleon doublet f = l And 1 = l; 
etc. Pi vt mesons the hy perch urge 1 * llu- sa itit ms the strangcm-s.* 
numtwr. For baryons F = H H- d, whore A is the Iwryon 
lumiiier. 

The relatiud^Ltps tic- tween isotopic spin, multiplicity af 
charge slates, average charge, |.yperdiargc fc strangeness* ami 
buryun Number for hadrons art* c>vrrs|adfied. Selection of 
Ihrot- nf these quantum imm^rs will give the Full arm unit of 
EfifnrnuLlifm + The three used in thin new terminology are baryop 
number !. isotopic spin /, and hyperc-barge Y, With thnsc 
the particle can hr specified as to wild tier it u a haryon or meson, 
lln- nnillipiicity nf charge states, ami the degree of Htrntigeness. 
Tin- vjihie* of the quantum numbers ,1, /, and i for the len classes 
nf slrougly interacting particles which share the strangeness 
property arc tabula ted in Table 3. Far corn | del ritc-ss, the timl- 
liplii'ily -V mid strangeness H are also given, although these 
properties are not needed when using this new terminology, 

\ll of Ilie .Ktrungly interacting particles: listed in Table £ 
fill! into uiie or aiMitlu r of the families uf stale* defined in Table 


TAl&LE It ^tiaiiltun Numborfi fur HaUmiiH 
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Further its ore, ns fur as is known n\ prcren l, nil of Uir- resonances 
dUeu^ed in ( hup. 10 fall into one fir another of these same 
families* but in genital Ml ey have larger values for Mie spin 
(quantum n im il ht In furl, one uf ihe^' resonance ^iFiies 
(A7- with Jt ■ ji k idisuL rir'n-s not t-xbi ;h »n iJentiKnUi- pnrlielc 
-■"id is nut listed in Tahir S T is included in "FslIjIc- fnr con ip lr le¬ 
ft™. Knrther discus i on uf the significance uf these ten families 
n-f states lutLed in Table $ Is deferred until < ‘hap. I£. 

This a l tern Ate terminology using hypercharge rather than 
M run genets lias been adopted by some other high-energy physi¬ 
cists in rereiLl tfeseurch publicatiou^H Jluivrver, rather than 
eon fuse reader* with Miese aijcli t ai jiihI *iyiiibub arid concept*, 
Mie earlier terminology using slmtfcgeftess and isotopie spin has 
been retained 1 lining]unit this survey. 





chapter 10 


RESONANCES 


tav: name RKftoNAttcfl is Am + iF;» to u large number of purlicU* 
states with niB-sa value* greater thanami lifetimes shorter than, 
ihitsr of I he “ob&rri IbJ'- ! 1 purl ides listed in Table •£. 

According to present concepts, the nucleon h u complex 
pfirticlir which can be dtirriberi, for same purposes, as a core 
surrounded by a clou ft of mesons- This concept in analogies to 
IlirM for the atom in ivliich ji cloud of ^Iwlrnni surround* the 
nucleus. A Ion ik- ■UmcLure simile* have shown that the atom 
™n have excited states in which electrons temporarily occupy 
higher-energy states. Each such exciter I stale has a unique 
vulue of excitation energy; when the nluius return to the ground 
.■jlate I lie sc energy differences are radiated a.* photo us which 
constitute the atomic spectra, Similarly,. we tnighl expect the 
mesonle cloud snrraunditig a mieleon core to lie capable of existing 
in excited states of higher energy (and m of higher mass) and In 
"radiate” tnesou.s. 

The par tide states known as resonances cun 1 ie conceived 
n s exri tat ion states of on6 of I lie 111 ore stable par I ides, '1 ‘3 Ley can 
si So Ijfj conceived us le mi per ary computim! states of a system 
constituting seve ral strongly inEerneling particle*. nr rc- pn elide* 
similar In r h. ■ observable par tides, which we unstable again.il 
strong nuclear decay and so have extremely short lifetimes. 

EXPERIMENT* I- m KTEIODSi 

Kvidt in e for the existence of nsSOnancea rnmesfrom several types 
of expvriincnUJ studies, fine type h I he excitation function 
which is u plot of I lit? yield nf products from a particle interaction 
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hr a function of bombarding energy* In atomic fend nuclear 
physics similar excilatimi function .studio* also show peaks which 
zirr cm I led reKonan^: Ibis name haw lieuii appropriated a ml 
applied in the same type of plienntne&w in particle physics. In 
such a plot, broad peaks are frequently Observed centered about 
specific values of energy. Such u preferred value of energy 
if] 1 1ieates a stair of the system of two particles for which decay 
mto I hr final products is more probable Him for lower or higher 
values of Uit- I'tiztl excitation energy- When such a compound 
stale decays. I In- product pa Hides have con sid enable kinetic 

energy The total exeit.utio.. lolal mass, of I li> compound 

si air can ltf r rain lift led on She assumption of mass-energy con- 
servasiaii t from the sum of ihe rest musses iitirl kinetic energies 
iif either I he initial or the product particles U it Is proper attention 
to the CM edacity due to conservation of in omentum). 

As an example, when beams of pious of known and con- 
I ml table energy became nvailable from high-energy nix'damtors, 
they were used as bombarding pur tides for aeatLering experi¬ 
ment#. The total cross section (or yield? of pbns elastically 
Scattered from protons (using liquidrll>dnjgen targets) ha* been 
studied over a wide range of pi on energy. With positive pious, 
when lho yield is plotted as a function of pkm energy, ti single 
1 immi rexoisanot- peak is observed at pion cnerpE-’S of about 
1 Sii Mi«V (see Pig, 8,13* The scattering process can he written 

* + + p -+ N * —* *+ + p UOA) 

Hriv tin- tnLi rriwdiatv state A' 1 * is conceived to la 1 an excited 
sIlUv of the- proton-pinii (p,r) system wiU* u mass determined 
by the energy of the resonance peak, Kinematic analysis shows 
I he rest iuhs* of this slate In he MeV. This mattering 

process was ahsti discussed in Chap- f*« where il was shown that 
eonservjitLon of isulopie spin leads to it value for tllk state of 
/ J, Furl her amdyHk shows its charge to 1 >l- +&<?, the spin 
iik be 3, and ltie parity even {+), The cumul notation fur 
describing tins resonance U S* (1238, ^ L J. 
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\\lu n negative pions are scattered from proton h :■ resonance 
pejik is observed for the Name ineidrul rmerjiy of 1B0 Mi Y\ also 
illustrated in Fig r H,1 The scattering process is 

+ P -* JV* -* V~ + p (to m £) 

The observation that the same resonance is produced with both 
positive :ii11 1 negative pious is strong nlihmcv for I In- charge 
indefunulence of uiirlcELr fortes, The dab 1 resulting from this 
interaction m ill rid charge (/ r! = — 

When pin ns of higher energy became available, they scat¬ 
tering s Indies were extern led En higher energies; the cross sections, 
showed ’mother, smaller peak b*r it’ stl about 1.5 CJeV and two 
additional fur jt~ at mil nmi 800 MeV These peaks 

represent other resonance# of Use system ni dJll higher 

energies, having larger tun** values and different spin stale* 
(see Fig. fl.l i, 

Another experimental techniejue is that of mehxtic scat¬ 
tering, \\ hen si proton beam of fixed energy is used to bum turn I el 
P rot on III r^M \ ij 1 t j ni d I! . 3 - d ri igcii J. an it LI a ■ sea 1! e n ■ 1 1 pr< items c n j r rg- 
■ n g iil x particular angle are niannentiim-atml.vzcd by a m Eigne lie 
helil, those wlurliare da stir'ally rtf-nMered form a strung and sharp 
peak on a |«Iol of yield versus magnetic field. However, Eli* 
plot wifi in general a bo show several leaser peak* ;l 1 lower value* 
of magnetic field imt Fig, UM)» These "inelastic** peaks arc 
evidence of excitation stated hi the trirgcl proton which haw 
mass valued greater than \ hr proton ground slate. Again using 
A * Lij represent the excited particle, we call write 

P + X* + J} HQ 3 ) 

I'liis A " will decay quite prmnpll.v into product par tides which 
might lie. In this case. 


A'* -* 


P+ F U 


or 


-V* -+ n + v 4 


(m) 




ITS 

P 


£ 

I 

E 

- 


MlffKtie field 

I’ip. I Cl. I IttutHancei tifatemd in intltuttir j enit firing, 

Siji Il nn rxoiti-d shit® differs from Lite ground state trf the nudcon 

in . I’uriiImiii'nNil way. Tin- properties which can differ arc 

intrinsic spin, parity, isotopic spin, strangeness, and rest mass 

Tin* moss villus rtf the V states associated with inelastic 
(leaks can lie obtained by kinematic analysis of the scattering 
process. The two strongest peaks observed in f>-p scattering 
indicate ■stales for which the mass values arc 1S1? nitsi KiH8 McV, 
Studies of 11n' angulardistributions of the protons associated with 
tlu-ne inelastic peaks and application of parity conservation are 
lined to itrlermitic the spins and parities, which arc found to he 
jf~ and j\ respectively. These two resonances are designated 
by A'f (15IS, ) and .V* (SttKH, |+). 

Still another procedure is to study the products of inter- 
»d imvs which lend to product particles different from (lie incident 
ones. One example is tile charge exchange process 

w- + p~* X a * + n U( f &) 

where Lite unknown product -V '* is a. neutral me sonic state which 
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decay* promptly inti f lighter memu. The product neutrons are 
ctnul.ied in KvmJ groups with different energies rind velocities; 
tirne'fjf-fljgJit techniques run be used to separate the groups. 
Ehx'Ironic-ecuoeiclence Ivrhnuiues can be used to identify one 
group of neutrons as the products of a particular ,Y & * state: 
kiueiimlic analysis of the mcnoriHa nnd energies Call then be used 
to determine the mass value r*f that state. I-V example. I he 
"tatti might emit three pious but its mass miglil be greater than 
iliut nf three pious; this mass difference* with other information.,, 
ears be? used to detenu hie the properties of the unknown reso- 
n Mfr, which in this CAae is Unuicd the f78S + |-j resonance. 

Hip detailed kinematic analysis of all products of n mu It r- 
product interaction can often lead to idcnl.ilicaikm of el resonance 
slute. f knsidcr, for example, an lipr-rj toil-proton annihilation 
resulting m Severn I pairs nf ctiLtrg^d pnm- and one or more neutral 
picnic 

p~ + p —t #+ + JT+ + T - + + ir lT (10.G) 



1 r lns prncra is illustrated in Fig. UU. The buhblcMrhaiiifaix 
photograph will show four charged pidn Lmdb* nrigmaling from 
the termination nf the p I, rack. Kinci rustic analysis of their 
iuomenta a ml energies shows that 13ten- must be at Ua*\ one 
additional n-- 1 pion emit lei I arid defines i1> direction ami energy. 
Furl her analysis shows that a group of three pimis must have 
l^cen emitted in the form of a single inegomr particle (the w* 
rc.wiiflnte nicnhoned above ) T which then promptly decay- 1 * into 
I hrec separate pions. I lie Mini i>f the rent masses and energies 
of the three pious drfenmne the iiuisa energy of the ty 11 resonance. 

This iutcr..-dialc rr^itumcr is illustrated in Fig. II).£ in a highly 

magnified nod imaginary view nf this two-step internelion. 

h-hll another example of a resonance determined through 
kinematic! or ‘“missing mam" analysis h the A“ production reactii.m 


w~ + p -* A u + A D + v" 


(W.7) 
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Fig. 11K2 Arrrirhifotmn ittlrrarHmi, p f p ■ Wmm, tAfltP- 
i tljj (ffmptffttric/rrPJTiBfHm uf irN nMuqffUr* rfakv 

Than could also be u Iwo-jilrp process 

T“ + P-H“* + K» 

Mluwrcl by 

A®* —* A® d - w® <*M> 

Tlift Llinx m’ulntl final pruiliictsean nil t» observed and identified 

through llieir specific decay processes or "slgnatyres' 1 


A®— ‘ p + ir~ 

(7‘ « 1.B X Hr" sec) 


A" —>ir' ! ‘+ir _ 

{T = 0.7 X 1«-«S# 


x 1 —* r + 7 

(7 - = 0.7 X ]0- [i see) 



I ti n t wo-particle demy -auch as L'-(j. UM)» conservation of 
energy and moment uni require that the Iwn products have 
timid'iue values of energy; in a llircc-portiflr decay such M Eq, 
(10.7), each particle httfl a. broad spread of energies. Fmm 
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slaiisLicji] sludics nntJ plnltt <>f Uie observa'I en!Ttfit?.s of 1 lie prod¬ 
ucts. the conclusion Ini* been reached limt Eti n hir^t- n.her of 

instances the irrmT .53 goes Lhraugb lw« steps as in luj. (10.Si, 
This fi nidus ion hHows the muss of llie A"* rfsnriftliee t« ite 
determined In present teriiiHiiitngy this is the i * (1815. n 
resonance. 

The same rrsnmsnce can often be produced through two or 
hi ore Alternate production prix^-sscJi, For example the X* reso¬ 
nance is observed in indu-slic rice (run scattering* which proceeds 
through the dcctromagndic interaction 

* + P -* + ** (10.10) 

w ^cre the r peak has lower energy than lbe clastic peak. The 
Ladled nucleon state will decay promptly into a proton pin# 
nrutrill piou or into a neutron plus positive piuji [seo Eq. [10.t)] P 
I he same rc.su mince eon lie produced with high-energy ]iIlo ti'jti.s 
(plmtopr mliict ion} on dnlUTiuim which is also an dectmuinyrustic 
mlcracLma 

y + iVf + n (WJ1) 

I In- tmisar# itnij other properties fur many rrsormiiecs are 
wrlJ c.d Jiliii>hed, U\ I 'Mu over 60 stales which dt-ciiy through 
the strong nuclear int(Taction had Ireen identified* in addition 
to the observable particle# listed in Table £ which decay 
through elecLroinngndk- or weak interactions and have longer 
lifetime#. Many, mure resonances have been report i-i| fur which 
the evidence is less complete, The flimihirily < ? f this .spedrum 
of resonance:-: {ij the excited -states observed ■ 11 atomic aocj nuclear 
phy.des suggest.# thal wilier stitk-s of ■%!ill higher excitation can hr 
anlidpEiited, as the energies from jiccderakirs in■ :r<-n_^ l- and addi- 
imnal expvmiicnkd techniques arc developed \ list ul some uf 
the kskesUblishetj resonances with their masses and uiher 
properties is given ill Table 4 This list is far from complete and 
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TMtJ.I; t Millie «f PnrUflJe Stairs, Decaying 

thrxiLip^li Mu' Slrmi^ [nlcmclimi 
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LIFETIMES iMI WIDTHS 

The iridih of all energy level is u qiiantuni-niechaxiicr&I concept 
arising ihn.iugli the lleijsijn^rg lino tI.su in ty princ-ipie fsee Chap, 
3), w(deh define* I be IkBikit to the uncertain Lie,* in the jUNiuUuiietraa 
i U li-riai Liksil ji id uf energy a£ and of time At 

ae m - ft tmi«) 

Wlii ii thi_s limit is inserted in the in a them a Ural expression des¬ 
cribing I In- wjivp funrlinn of the state* ^{x n y 9 z 9 it ). nnd the proba¬ 
bility ut survival id fche wuvr fum Lion after a time / is computed, 
\ it is found to hr pmpurlkffiiiJ to- where T is defined 

j i*i thi- energy width «jF the slate. The tpictiititj SirF//r is the 
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probability of dec-ay prt* unit Urne, or the reciproc al of Ulc mean 
life r of th«? stale. Mean life r [Hint'd ah the time for I lie 
population of I he «Utr to be reduced to I v of its initial value. 
So the energy width h related la the mean life m 


V T 


A 

St 


(KW-S) 


'This means that* beam*' of llie Suite Ufetinu- of mi rxdled 
state, the energy of she state emmol be sharph defined hill Is 
inrlHcTtiiinute within the emt^y spread F. Inserting the numeri¬ 
cal value of ft, we have 


urn; X 1I>" 2J 

r ( MeV) ** 


(Wdl) 


It has not ln-rri found possible to measure both F and r for 
Ihe Mmo sUlv, because is so small, For states hi which Use 
lifetime is long enough to measure,, nidi ns the particles in Table 
Ihls relation cist u bu used to compute the energy width of the 
slate; for exampk, if the life bun- E.s lit 1 ' .«c, the width is about 
in -5 cV_ In Table 2, lifetimes are reported in I be form of the 
half-life f T which is the time for half of the particles to decay, 
The mean lifetime r, wh i eh i : - the t i i 11 e tn dMay to 1 V hi f the 
initial population, is related as r = 1,44 1 \ 

For I he resonances, ^hm- I he lifetimes utv Lmo short lo Ih- 

measured, they can l » .puled from measured values "f the 

widths, using Kq. ( MM 4b Experij urn tally, most of the reso- 
r 'iinc?t? peaks observed in excitation fimHhms nr in inelastic seat- 
leri ng si re * i bserVe ■ I to h five I ire me I n zt 1 11 ral w i d t. h s. T he me U io 1 1 of 
measuring the width is to dHrniiiiie and subtract the base level 
(or background I under the peak, through whatever informal mn 
is available, and then hi measure the full width of the resulting 
symmetrical peak at I • V of its height:. The ba.se level h usually 
obvious from the general tread of the plot on which the peaks 
are superimposed, If two levels overlap* I hey can be separated 





ReHninsei t?& 


by mi bt ruction. If u resonance peak is u asymmetrical* it enn 
■ ifEi-n \n a resolved inr ii |w u overlapping prata representing two 
resonance*. 

lii Table l I he measured widths of some of the best -e.nl :l1i- 
lished of the resoniti^ej are listed* in million electron volts* 
alongside their musses. The resonance hns such a narrow 
v. i«]11 1 lliiii. iilifetime i* quite lung compared with 11 hL-r strong 
interaction* (estimated ^10" 31 see); l wen use of lltln relatively 
long life il \s usually included in the tabulations of the observable 
pitrtieleaand i* so included in Table •i. Many r ( f these resonances 
11: i v i' mil lira l widlhs which lire 5 to 1 n permit rif their total luas.v 
energy vu1lies. For u state wi th a width of SOO S1 v V_ the tifidStne 
computed From Kq. (10.11) is only 3.3 X I0 -31 see. If we 
eoRMfcU'f n nucleon to have n diameter of about 3 X lO -31 eci, this 
stale survives fur a time mily long enough for a par title sit the 
velocity of light to Iravvrcw u disUncfc of a few hundred nucleon 
diameters From I lie point of the interaction. These are indeed 
short-lived stales. 


11AUYI1S RESONANCES 

Iiesc>nnncesr full into two i-1 early sepatable ea tcgo tics* those with 
masses greater than nucleons, which decay into nucleons, rind 
tlmsc whose decay product* are other mesons. Ihiryon reso¬ 
nances have huryoii nu.in ± I. while tneson iwaonmires have 
harym number 0. 

\ r . F. WcLaskopf* has summarized the niiectmm of haryon 
rc.-iii MulMTh in :l dhtgmin which i-- redrawn :md prcM it led jjs Fig. 
10.3. Jn lids figure the betd-known barynn resonances are plot¬ 
ted on ll vertical scale of mass in GcY units and! separated into 
-is Families distingubthcil by different values of strangeness and 
isotiipif riudiln'r. Tin- b&ryous listed in Table - appear as the 
ijTtmntf Fltitcx of I hr Severn I families of resonance*. The mul¬ 
tiplicity of cl large states is indicated for efach family by the 

■ StatlCCff, I %% te|M- in, tgot. 
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Fi^. JO.,1 Rpctirum *if fht t"vr*j\j xiatf* nf fhs fiar^t*a THp rjwifn/Hr 

spin f and the *» S nrc jju't'n tit th j Ja^fajJVr, f/jj- mitfuiiAr \pitt and 

parti# arr TifTt'n at tin* it'ff .if thr iwi, fhr #pm hot t t thr ritfhi, 7'hr rnrjf u pin 

foanj'pJfatjjf % tar.mri ttn\iuti.tni+ urni ?tmw m uit\ ptrfa 

am- im•iicatfdr [CtMfttrft uf \ F. IF r i tt ft ktipf. j 


number of oieiFillers of Approsinijildy ngjal mass; tlmdmrge nf 
individual particles is not shown. The symbols design^ in ,£ the 
stair( and the spin and purity as^pt merits, are indiculei] for the 
-Hevmd inembers of each family, where known. For clarity. this 
spectrum includes «piil_v the piirtii'ies; pin I'fpiivahm! spcHnim of 
lititijmrl it-h'Si prohaMy exists with reversed -i^ri> for I In- strange- 
ness nomlnT + FreHuniubly fur ou li parlirdc state nr nsonnllff 
the rr- is Jiti cintipariii'le .state, but e*y>erimenial evidence for the 
antibaryon spectrum is meanly, fhie addillamLl state tuis Ih-cm 
added to WeisskopF* spec-tru in. l hr N* 115^1.1 :■ rcAonuimr. rep or led 
from the Argomie Tad mrulury in lfMKh 
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MESON IE E 30 NA SC. K S 

I fap sjii-t'l rum of I notion rrsnnaneejs piofcnt^d h] Fig, 3U.4. 
iiUli Jic I cl [ 1 1. -h ] fnihi Weiwkopfs sunn miry of 106;). The mesons 
uuii their known resonances listed in Table i an- plotted no n 
nmss ™\i in million electron volts, separated ink. four families 
wi|]i different values <>f strangeness mid i,w topic number. Charge 
"Miltipliriiy is indicated in <-«di fnniily, but the charge of Individ- 
usil stdl es is not shown* Values uf spin mid parity arc noted, 
wherr known. In this spectrum, both the kaons and the unti- 
kaons arc included for completeness i the nub kaons have a 
atrimgenes# number of —1, 
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A (urge of our present information on the i n ass 

energies and ntlirr pr»|>erEfcfli Of the rxrited pariiefe states united 
resonances is illustmU'd in Figs r lO-tl anil 10. t. For most of tin? 
slates pictured in the figures the modes of decay are known or 
iisamucd, involving I hi- emission of pious; or km ms. Tk^c lire 
ilhi^lruled in IVd^k^pf's presentation by solid or dotted lines 
leading from mi upper state to et lower one »m.| identified h& to 
their type. The properties of particle states illustrated in these 
two figures it re the source material for tlieoreticul analysis hi id 
correlations. Seine of 1 ]n- Hum. jvliosil approaHiex toward corre¬ 
lation are discussed briefly in Chap, 
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EXERCISES 
[ N CONSERVATION 







l\ TIIE ANALYSE Of tiKI'llR JM KST4 I. r-USTlI t-S. I h £ buSHT tii*k h In 

ftpply the co use rva linn principles which are jiertincut In I lie 
interaction under sludy. It not essential llml all conservation 
laws be analysed und ennfirnied in every experiment, nut a 
U-^'fiil experiment will provide tuffieiciLl in fori mu km u ml adequate 
precision to evaluate liiose pro] icrth- - which .ure to Ih i tested. 
Ii3 most experiments some nf l lie luihic conservation laws are 
taken for granted and are not die eked in detail. [ be cunscr- 
v el lion of mass energy is so well established through thousands 
of past observations that it t.s hardly ]ieces.sury to reconfirm the 
principle in an ex peri men! planned* for example, to nnulyjcr 
particle spins, On I he oilier hand, tm e* peri men l should be 
designed to allow the analysis nf as many properties which cun 
lie cheeked by eonservul ion laws ns possible to pirn idi 1 the wkj.es! 
possible evidence fur u possible new phenomenon* 

\\ lien the evidence from an experiment suggests the existence 
of ii new- pnrtiele or resonance state, the unknown properties 
of I Ills state I'Sisl usually la 1 determined by applying I he known 
conservation laws. If the evidence serniH to violate n known 
conservation law h the first fesjunisibilEly is to re-slinJv ibe j n I - ■ r- 
pn- IjlI inn nf results to avoid uri erroneous rnnctiiflion r When all 
possible cheeks have been applied and l he evidence still violates 
some eoiiM(.'rvnlion principle, Ulc need fur a new ami broader 
conjttrvftlii.iu principle may he indicated. For r\ simple. Hie 
unusual pmpcrlies of ihe Grunge purtiihs which violated earlier 
concepts led to Jhc new principle -nf fiinscrvntiim of strangeness. 

To illustrate the UAe of cmnaervfllion principle* wc shall 
arndyxe in Hi is^ chapter some basic and typical interact ions to 
demonstrate cither conservation nr violation and Ii■> show what 
conclusions can lie drawn. We ahull select examples which 
illustrate sc]mr?ihU I he three interaction* involving partieW, 
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11m- strang, elcctraiii&gn«tfc» and weak interaction a. Wo start 
with minpit- proce>^. J s in which only the incident and lira I par¬ 
ticle mUiU>h are fronsidcrcd. Then we exlend the illustrations 
la inure wnijileK ini ernetinns involving rt»i«oimncp states and 
>j >q U en 1 i a I i lecny jm iw .sses. 

SI ViVl lin hf cohseryatiu.n laws 

11 h:- conserve Li on laws of physics identify certain qua Li lien ur 
properties nf mulLcr which do not change during interactions. 
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Tlir eight coracrvation principles described m the preceding 
t-li ji jil its luiimmriicr i^^ntinlly all our cjcprrimenial evidence on 
Ihc propflrUe^ of par (ides ami 1 ln-ir interactions. T|iesc eight, 
conservation laws arc listed: with a concise sy in bo lie rcpn^llta- 
tioii of each conservation principle in Table 5, The types of 
parade interiiclipfi^ for which these nnwhutnin Laws arc valid 
are also indicated in the table. The first five of I lie .•■oii.-H-rvulicn 
lows listed are valid for all interactions m nature, so far as we 
km in rludipg all particle and and par ride interactions. The 
last, three have a narrower range iff validity, but they are all 
conserved in strong interne lions and violet led in weak inter¬ 
actions.. Isotopic spin is the mily one viola! ad in declroinagnctic 
in I cruet tons. The techniques used Fur identifying the conserved 
qualities and fur applying 1 lie conservation principles will 
become evident in the i l lam I ra I ions which follow,, In general, 
whatever cel it happen without violating a conservation law does 
happen. 

STtttl\G I INTERACTION S 

I be Htmflg iid erne tic. n invokes the mi cl ear force which hinds 
protons mid neutrons in nuclei, Ir is responsible for interactions 
between burtons and mesons and for I lie creation of mesons. 
When n strong irdernethm is “allowed/' in the sense that i t nl k-v* 
all eight uf the conservation laws, it goes cKlreiiidy fast, in times 
of the order of Em see, When it is 'ToHadden/' when one nr 
nnire of the crinserv-iilioN law's is violated a il is possible tI jelI an elec- 
lronuignetic nr n weak interaction can occur, Evidence tlml u 
■Mirotig inferradion is forbidden conies either from failure to 
observe il in liny instance or from the ohm-rvalion that thepmeos 
hits ii relatively mu eh lunger lifetime than other fast mlci'iie- 
tion.s, 

A basic interaction i*! the cholic scattering of high-eiicfgy 
protons by pmlr.uis 


V + />—> F + p 


iu.n 


fvrrrriaes In Cansm a l imi 


Many experiments show* when I hr dynamics nf I he interact ion 
are analyzed, llmt energy and momentum are conserved. Angu¬ 
lar momentum j is conserved if the vector sum of intrinsic spins 
pin? orbital anguLtr moment;* remains 13n- suitor. A quantum*' 
mechanical analysis of tin* allowed uriculalions of s and I ltiei be 
used to predict the angular distribution off the products. As to 
other quantum numbers, since incident mid product particles 
are identical* the charge q, particle nujukuT . 1 , iso in pic spin [, 
find strangeness S quantum numbers ure all obviously conserved. 
This i-s clearly an ^allowed 11 strong interact ion. 

\mother basic interaction i> the scattering of protons by 
neutrons 


p + n —i p + n (/l.£) 

Here, also, energy, momentum p and the quantum numbers q t 
J, /, and S rim obviously be conserved- Tlie difference is in the 
way ill which angular mninrulom is erniserved, which involves 
the application oF Pauli's exclusion principle. For example, in 
proton-proton scattering [Eq. (11.1)] the i neon king proton and 
the target proton cannot interact if their spins are parallel but 
interact only if Uiuy ore antipondld. In prat im-neii Enin .ot¬ 
tering, buwi-vet* this exclusion does nol exisl since they are 
different particles: scattering can occur from either of the two 
opposed spin states of the neutron, A simplified visualization 
of these spin oriental ions is illustrated in Fig. 1L1, The angular 
distributions observed for p-p and p-n scattering are different, 
even I hough both involve orbital angular momenta in addition to 
spin. The difference observed in these angular distributions is 
eon si a ten I with tile Hpplieiitimi of tin- Pauli exeluslmi principle 
described above. 

Consider next the capture of tt~ pious by deuterons; this 
reaction was discussed earlier in, Chap 7, We can assume that 
energy and linear momentum are con served, although this could 
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Stmilrnup 


Spurring 


Kitf. HA Spin oritttfatiow in p-p and p-n a caflvritig. 


Ih 1 verified hj eXperinienUd iTieiumretiierit of neutron properties. 
In this case we present llir re si ti ursine quantum numbers mu I 
conserved quantities in tabular form: 



x” 

4- if —* 

»t + n 

Angular i[] omen turn 

j; « 

+ i = 

i + i + / 

Charge 

”1 

+ I = 

0 + 0 

Number 

,1: 0 

+ 3<= 

i + i 

Parity 

P. -1 

X 1 = 

ixi x (r>- 

Isotopic spin 

/: 1 

+ l> = 

f +1 


h> — 1 

+ 0 ~ 

-1 -4 

Strangeness 

5: 0 

+ <1 = 

0 + 0 


All veil rrf ihe quantum number* above are onnserved. The 
n rigid Ltr-mo men him balance above Ls only symbolic* since the 
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vector su in of it 11 tie-rni> including spin and orbital mnmcnturn 
must be included. We note that the requirement discussed in 
('hup. 7 fur the two neutrons; to Ik- emitted in ililTt-rcnt slates 
with relative angular moment uni nlItolIuccss another odd term 
in the parity hi dunce: this, in fact* wm used to deleft! line the 
parity of their - pi on. We tun conclude that this interaction is 
allowed and should have u I urge yield,, which is in agreement with 
observations, 

A possible nllernativc process in the capture of ir pinna by 
deutemms is 


3T 

+ f /4 

» + T* 

(114) 

A: (I 

+ * ^ 

1 + 0 


f: 1 

+ Hj* 

J + 1 


-1 

+ (1 7* 

-*+0 



Aliluuigh other .grrvaUoii Imv* mighl U- obeyed, it h dear 

th.il. at Irani tt >r imMidi 1 number and isotopic spin, the con¬ 
serve l ion laws are violated and the process is fur \ ►iddtu. Ji is 
mil observed. 

In the annihilation of antiprotoriA with protons the dominant 
promts i* the production of many pbn&. already described in 
I'hp (m-«> and illustrated in Fig 10.3, The total mass energy 
of the prntnri'Unliprntgn |mir (J.STfl tieV) [Am the incoming 
kinetic energy - i- distributed between the res I mussr* am) kinetic 1 
energies of charged and neutral pious A typical reaction 
might ]'h + 


r 1 

: + 
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+ 

F+ + 

IT - 
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r* am 

i- 1 

+ 

4 = 

0 

4 1 

0 

4* 

0 + 

0 

+ 

o +/ 

qi-l 

+ 

1 - 

l 

— 

L 

+ 

1 — 

I 

+ 

0 

A: - 1 

+ 

1 = 

u 

+ 

0 

+ 

ft + 

0 

+ 

0 

Pt+l 

X+l = 

-1 

X 

-t 

X 

-1 X 

-1 

X 

-i x CO- 1 

^-1 

+ 

i 

1 

+ 

-l 

+ 

] + 


+ 

0 

S: -1 


1 = 

0 

4- 

0 

+ 

<t + 

n 

+ 

0 
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All six of the quantum numbers above air*- conserved. Thp 
number of pairs of charged pmm dot 1 --* not affect the conservation 
balance but is determined by the available energy, ff anoNicr 
n n pwjn is emitted* it will be associated with the other pious 
with relative angular momentum, so parity cart sMU he eOneervetL 
The annihilation process above may aim proceed in two 
filt^pA involving the temporary formation of an u 1 * resonance* 
illustrated in the insert in Fig. 1§.S. The properties of tin- w° 
resonance nm he s tin I fed by applying Lite conservation law* in 
Lwo steps. First consider the initial production process 
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TT*’ 

+ «' 
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i’ 
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= 
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«> 

+ ?; so rj = 
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A ; 

-1 

+ 

1 

- 

u 

+ 

ft 

+ ?; ao A = 

(1 fitr w" 

P\ 

+ 1 

x +i x (0~ ! 

i _ 

-1 

X 

-1 

X ?; m P = 

— 1 for w" 

hi 


+ 

* 

= 

1 

+ 

-1 

+ ?; ao / 3 = 

«for «■ 

■S: 

-1 

S’ 

i 

= 

0 

+ 

0 

+ ?; ao 3 = 

0 fur *d" 


The identifications of * ■ l and P = —1 for the w ,J above are 
symbolic; detailed analysis involves n more complicated pro¬ 
cedure. Furl her more* we can assume that energy am) numiiJi- 
tum ure conserved in this initial process and run identify Ihe r + , 
r, ir n which arc the ultimate products of Lhe a* n ; m we can 
determine the direction of the m" ami its iniia energy, which is 
7H5 MeW 

Folio wing its production, the w " breaks up into three pious 

w fl -* t + + w~ + tr fl ( UJ) 

Faing the values above fnr the properties and quantum numbers 
of the w M + we can analyze- this process to show that s,ilt conservation 
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Iftwji un‘ obeyed- This imnlyaU provide 11 1 .■ evidence for the 
existence of tin- ^ refinance flt&te to which halt been given the 
symbol cj° (7H5 t tl )„ 

A Mol her, more coin plicated annihilation process otwrved 
in a tHjniddiydrogen bubble-chamber photograph sit the CERTS" 
laboratory in Geneva, i.- illustrated m Fig. ll.S. Kinematic 



analysis of the sequence of events based on Mie observed track 
curvatures in the magnetic lipid, led to identification «*f each 
particle* the results are indicated by tin- syw twils in the figure. 
The initiitl annihilation proofs* produce* I lure strange particles. 

r + ?-n- + I s + a f+ {us) 

In justification of these assignments* consider the two con- 
nervation buys pertinent to strong interactions; 

Isotopic spin It: — | + i — “-J+ 0 + j; conserved 
Strangeness Sr t> + D=— 8+1+1; conserved 








13£ Pflrldclt Physical The Mi^h-Kncr|;i Erorilicr 


T 


he thrive product* were identified llirougl-i tlu r i r decay prun-sses 


S"^AHir“ (11.9) 

followed by 

A^'P + w- (11J0) 

Mid A*-* jF + JT + (/JJJ) 

and A + -► + r* 


If wt apply Hu- Mine two conservation laws In tjjrse 
profresscis we have 
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- 1 

“8 

s* 

-1 

+0 

(11.9) 
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pH 
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-1 

-1 
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+0 

(n.m 
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-i 

+ i 
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ft 

+0 

01.U) 
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i 

+0 

1 


a 

+0 

oust) 


linili conservation laws art- violated for nil four decay rvuctiuiiN. 
The conclusion is that I Uvm: decays cannot lie strong in tenet kirk, 
which is also justiRed by the observation of relatively long 
lifetime* for ^hcIi, 


ELECI HO MAGMATIC I.NTEH ACTIONS 

The subject nf nmny publications in scientific journal* and 
textbooks quuniuuk electrodynamics in the t heoretical framework 
which describes the interitctiLms lietwerh the charges and mag¬ 
netic moments nf particle* ut re*l and in motion, It is the 
modem form of llie theory of cWtrnniuguclism to width have 
been lidded the principle of quantum mechanics and special 
rektivity. Quantum elect rndyuamics was develops! tJi explain 
the phenomeun nf atomic physics and has beers extended with 
consider able success to nuclear physics. 

Electroniagnrtir efTrcLv in particle physics are pfinall mm- 
parvd with the Strong nuclear interaction* Ih-Lwcvii particles 
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The ratio of the strengths ur coupling constants of Use rl« ctrc>— 
magnetic to the strung mteracLiuiui i> about I : \ (\U 9 it is of interest 
to note I hat this ratio is the aanie order its the atomic tine- 
.stnji. 1 !Ufi 1 cmHN liint, ^tt e-/he . I'n r inteme 1 1i> 1 ns bet ween 

individual high-energy particles, I lie dlrel of dmr^ 5 is in general 
small ns compared with that of the strung interaction and can 
I,h‘ added os h. small correction. 

Quitoluin electrodynamics applies to essentially all high- 
energy phenomena involving Use production or absorption uf 
photon*, are pr<niuced through photopniductinn processes 

of ! he type 


7 + p > n t ff + 

7 + n — * p + it”, etc. 


(JUS) 


.Vi higher photon energies, pious are produced ilt pairs* triples, 
or even larger numbers, hi all suds photopftiduclbn processes, 
nil cmiss-rvnlion laws are obeyed except that for isotopic spilt. 
Tin* mo la- m tied in I he equations above., where f = J for hath 
PtipI t>sij> nnd neutrona and I = 1 fur pkio*; iso topics pm era riser- 
vat ion is vlybiUul. Yd* because all other conservation laws 
are obeyed, these photoproduetion processes have 1 1 relative I y 
large yield or crowst section of about 1 percent of that for strong 
interactions* 

PhulopriiHurlion processes can produce hyjjcmns Jeinl other 
* I range parti lies, if phi dim energies are iiifticietii to he above 
threshold for Use process. The following arc typical 

7 + p^AH K+ 

y + p + K+ 

7 + p-^S+ H- K* 

7 -b P -> 2 4 + K + + nr 

7 F—* Z~ K+ + w + 


(UJi) 
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Strangeness is conserved in nil these processes, but taolnpio 

sp in ixm^Tvation is vid&td. 

Processes lading in photon products are also, in gcnml t 
electromagnetic in I eruptions, One uf the simplest is positron 
Annihilation 

* + + + y (11J5) 

1 he fLiet tl:i fi l momentum and enrrgy are conserved is demon¬ 
strated by many observation* of l he directions of the tmergenl 
photons unci their energies. If the positron ia &l rest, the two 
photon* emerge in opposite directions lu conserve momentum, 
jitnI each photon lias un energy equal to the rest mass of nn 
electron. W 1 1 hou 1 goi i Lg too * lefeply i n to h ■ Ice Irr tin agn c I i e then r y . 
we can note that. the sum of the two rlcelron spin* can la- jsi-rijj, 
liEiti the sum uf the two photon spins ran also add to aero t vec- 
Luriallv. A more detailed justification of spin conservation 
must he left to the textbooks in electromagnetic theory; Smcc 
the positron is the antlclectroru charge and particle number arc 
conserved. The parity of a single free electron is even and that 
of a single photon is odd; when coupled in pairs as in this reaction, 
both the ini tin] and final static are even ami parity is conserved. 
Neither SHotopie spin nor ^irangeness is involved in Lhia reaction. 

I he decay of the r J pion into photons 

**—>V + y (tljlfi 

W&s discussed in Chap. H, where it was shown that no isotopic- 
§pin value could tie assigned to the photon. The ir n decays in 
flight, and il-* forward nn amentum and energy are IrunjifiTreJ 
to 1.3 m photons, Because of their momentum they form a 
symmetrical forward angle and can be detected through their 
electron-pair production proem in matter. Since Ihe spin of 
the pion is 0, and that of each photon i* 1, spin cun be conserved 
if the photon spins cancel * Charge is U and particle number is 0 
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for all particles involved; so charge and particle number are 
■conserved. The parity of nil Hifuc particles is odd: m parity is 
conserved only if the photons arc* emitted with relative angular 
in omentum of / = 1. which requires a more del ailed analysis of 
the idrrtriiiuetgnet ic process. 

One process is known in which a heavy strange particle 
decays into another strange particle and a photon 

-n\t + y (UJ7) 

'I he evidence that thin process is not u strong interaction is its 
relatively long lifetime of about 10“ 11 acc. The fact that Ihe 
flecnml product is a photon is reason for considering il an electro- 
magnetic process. By applying analyses similar to those used in 
earlier example*,, we can show LbaL all conservation laws arr 
oljrycd except I hut of isotopic spin, The isotopic spin of the 
~ n i* I. Ktnec the 1 particle PK^ccfs in three chujqgctl states: that 
iif !he A" i* 1) ( sfitn-e il has only one charge state. So isotopic spin 
conservation is violated, and the pmr^ss is forbidden ax a strong 
interaction. 

WEAK INTER ACTIONS 

Weak interactions ure associated with Icptoits and with the decay 
of haryfins and mesons into lepton*. They wen- first recognized 
in p-ray decay, where Fcruil'a early theory postulated Llie 
*iimjUiiiBous emission of a neutrino with the d-ray electron to 

cun serve energy.niitotuni, and spin. Weak interact ions arc 

involved in the decay of pious into muons, also with the emission 
of neutrinos. 

When strong nuclear interactions arc forbidden, through 
violation of sonic conservation law, the particle survive^ For a 
very long time on the nuclear time scale until the extremely 
weals forces of Hie weak nuclear interact Jon "an cause & decay 
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into lighter hulss partied™- We t\a nut know the origin of this 
weak interaction or of the force which causes it. We do know 
that the strength of Lhe con filing constant it] weak interactions 
is about 10" 11 of that applying in the sLmng interactions. And 
we know Unit many particle* which are .liable against strong 
interne lions mid elc^tromagnelle interactions do decay eventually 
into lighter and more stable particles. 

The most fundamental weak interaction is the decay nf the 
free neutron into a proton, an electron, and an anti neutrino 

n ^ p + + + 7* (T *■ 700 sec) {11JS) 

This princess ha* born oWrvcd with thermal neutrons priHiucnJ 
in ;i reactor, which decay in an ionization chamber where both 
of the charged products can be detected and i den tilled. The 
electrons art 1 emitted, with a wide distribution in energy, indi¬ 
cating the aimnltaru uus emission of Mir iintiiicuirino In conserve 
energy, momentum, imd spin m tin process, rhrtfgp U eon- 
served. Bu| h haryuti tttfctriber and electro n*fkl 11 ily tttimhrr are 
conserved when lhe neutrino is identifier I us an anti neutrino. 
Conservation of parity, isotopic and strangeness an? all 

violated, which is typical of a weak interaction, 

An even simpler example is the decay of charged pi on* into 
muons and muon neutrinos 

it 4- —-■ p + + and t~ —* fi~ -+- (JJ.fif) 

These processes can occur with the pions at rest in the absence 
of matter;, in which ease the mass difference (m r — jw p ) is shared 
in the recoil energies of the muon um.1 neutrino. U can also 
occur to fEighi with itddilimml kinetic energy. The two prudnet* 
remit in opposiUi 1 lilrcclionn and with spin* apposed m eonserve 
in omen turn and spin, as diiicttiweij in Chap. 7. i 'barge is obvi¬ 
ously conserved. Muon number is ncmwrred since one parin '!* 1 
litid one anLipurlidc result from each of lhe processes. Parity 
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jut cE isotopic spin are Dot obeyed in this weak interaction: strange - 
ness is not involved. 

The decay of muo^s into electrons and two neutrinos fellows 
the reactions 

^■+ --•» 0^ -|~ d~ and —► «f“' T- + *» p (J/JEO) 

ITw electron a emerge with el wide energy spread* indicating a 
three-body decay process. Although neutrino energies and 
momenta ]irive meM been nieasim-di it h assumed that total 
energy and in omen I am are conserved, The vector sum of spins 
can he »uiscrvcd if the spins of two of the product particles 
are opposed and cancel. Charge is am served. Electron-family 

ji uii1 1 mt .1 ii1 1 on-Family number are riiMMrrved in bath processes 

w lies i anti particles wjih negative values art 1 included. And, 
again, parity am! isotopic spin conservation are violated. 

The nh iHit cojnmOn of the weak interucLions is beta decay 
of radioactive nuclei; it is of two typos, representing the Lraos- 
fnrni;Ltii>n «ff :i neutron in ihe guldens into a proton and the 
reverse. Tin- examples used in Chap. 7, which are typical, 
are 


rr€o« sl N T i flU + tr + r t (1I£1) 

and 1& P 10 -t t,Si M + F + p 4 {II.m 

Although the nuclei are involved in the reactions and share in 
the recoil energy, niunicntunn and spin balances, an discard 
in Chap, 7* we now assume that these properties are conserved. 
I’he total electric i SLarge is conserved, as indicated by the atomic 
Hum her change of the parent ami product nuclei. The bury on 
number of Llir 11 Ur In is unchanged' ehm Iron-family u mu her i.s 
conserved with the end-tori on of ortr particle and one a rd ip article 
ill each process. 

Most uf lhe principal decay modes of the observable particles 
in Table £ represent weak interactions. Consider the decay of 
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Lite charged A' + kaon in Lite two alternate processes discussed 
in Chap. 7, resulting in two or in three piun products 

-f x* (1A£<f) 

and A H —+ x + + x + + t - 

Til Lli« two-pion decay UW r* is observed to have a singEe value 
nf energy determined liy Hie muss change und the incoming kuun 
energy, and Uie two piqns recoil in opposite directions* On I be 
n.1 her lmrid» so Hu- thret-piun process the products have a dis¬ 
tribution in energy and direction, but again the total energy 
and momentum arc conserved. The spin of all particles is mu, 
so spin is E^mMTvcd» Etetrie charge is also conserved, X"ir 
Hint all particles are mesons* for which conservation of particle 
nu]uber does not apply. In limp. 7 these alternative decay 
modes of the knob were shown to lead In the breakdown id 
parity conservation; parity is not conserved in the iwn-pima 
process. Isotopic spin and strangeness conservation are both 
violated for both of the A r 1 decay modes* which makes the strong 
inlcruelicm forbidden. 

As u I: ei a I example, consider the decay of the 11” fiyprnm 

+ A rt + it* (iJJM) 

Only a few examples have been observed, in bubble chambers in 
which the charged particles resulting from the decay of the t.W" 
neutral product have been measured and llie process lias been 
jfimly^cd. The utmlysaE asmim's ennservalkm of energy and 
momentum. The intrinsic spins of the particles arc ixol con¬ 
served. so then 1 mil si tit? relative angular moment nan i l 
in the process, Charge and particle number an? both epnsrrvrd. 
But conservation of parity* Isotopic spin* and strangeness arc 
all vi ei I ti ted; hq this in us t be a wca kin teract inn. 



chapter 12 


BASIC 
SYMMETRIES 
OF NATURE 


is Utm HKAnni PM onDEii and system in fmture we dctmmslritte 
ruir hill) thut llu- laws (if nature nrc based nn fundamental 
simplicities Our p nst experience tomes largely from tin- two 
111 oat readily observable furres. gravity li mi and fU'clruinr^ncE Imh. 

ilie first we mcnIm* t lie i not ion s uf planet* nod of Fulling 
I mi our ear Lli: I he seeoud describes all ulrmiic ri ej fJ chemical 

pf(M?es»fp| rmd Fill rlerlmiTiaj^ctic phenomena. Both gruvb 
I rid inuitl mid eleolromapnctir fimrs va ry inv crisply wit h 1 he 

-square of the dklariw Ih-lwee.asses or between elect rir i lmrges 

! hisflimiljuily biL-s been nf real vei I u e* in cm 1 1 !i|T i mr iLNider.st an ding, 
through analog, of phenomena invutviim tile l wo kinds of force, 

feel that il ss “ft* turn I" fur forces 1o var;. with the inverse 
square of the distance, 

\nw we are fared with mam new- phenomena involving a 
tmdrar force which buy greatly different pmjHTlie^ This force 
5* extremely *lnmg lit the spavin jf of nudeou* in nuclei and full- 
off very rapidly wilh distance .kh that il is negligible nt qmHng* 
of a few nucleon diameter:-. Iuih miejenr forces ere involv'd* 
the strung aunt I he weak iiiLitju qion.H P differing m rh* uinguihide 
"f their force ruHstanl* U\ tt factnr of a bool |m n . hurt her more* 
experimtnU wiill 1e igh-erirrgy occdcra I *irs Ila v e re v-aled ; i 
disturbingly large implex of panicles and excited ipurtfcle 
strtltw; New C'onnepta and i Lew conservation law* have hnii to 
be introduced to deal with these phenomena mid their cum- 
piiciiii-d n hitionisliipn. ('Lt-airly, a ninn- fun da mental approach 
iH required than I In- evidence oF our guises oramdugic*; bn-yed on 
l lie inviTHe-Bcjuin 1 forces 

I In' iI ireeliriri of this approach is toward an understanding 
of the must general baste symmetries In nature and the In variative 
prineipley which underlie the tutu Nervation kw,s we observe. 
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Each cuiiservalirm law Is a stis 1.0 1 ru-1 1 1 19l:jI smn^ OTIC |n]L ysi.ea] 
ips tidily or property is unelmnged during nil possible |.• Liy Meal 
pruee^es,. ssjdi us in nil interactions Iwt.wcen purl ides, nml is 
rv«k'Ji'r-i- nf a in i err general i n variants prinripii-. An in variance 
I.mii'i|i]u is a s In lenient Mini nil Imvsnf nature n■ ixj cl i e i unchanged 
fur some partionJjir change of physienl conditioner, real or imag- 
iimry. rmSerkiiig eaeh invariance yjrinflj?Jc is some basic 
4yiimn'Lry of tin Lure which determine* tin? conslmnts which 
provide order lo an otherwise chaotic world of jiarlk:les + II in 
possible 11 1 i l 1 the til] hi her of silt'll symmetry principle* is limbed 
mill 1 IiilI they ;l!'■ iiitrmJaled. When viewed from this aspect 
of I lie lisisk: symmetric^ nature may show u coordinated sim¬ 
plicity which is not visible in Lhfi great variety anti complexity 
of conservation principles and physical laws which wr observe. 

* ^ 'i vf ET H \ m s i> \ r K 

One of i he most In sic symmetry principles- is tlmt of the tuimo- 
ffrnt't'fif irf pare ami ihe tUMKKM&lfd Aym wt'frtj of time. The 
'vn mu-try id Hpaco includes both, Irandal loind and rui nI innfid 
syniiLietri and applies Lo Imtli stationary and moving systems, 
Uhr rnnisn |ucncc of l he tmi'dalimml symmetry of space is (lie 
invariance uf physical laws under translation from uric loeulir.ui 
to another. An experiment to measure I lie mass of the- electron 
should give the same result, whether performed in France or in 
California. This invariance of physical laws under trati sin linn 
implies I hr existence uf certain I'oiiM^rvaliim Laws* specifically 
lln- I'omierVHliim uf energy and 4 momentum- The laws of 
moduli jibu remain the same in a system moving a! constant 
velocityi expressed by \ewlnn 1 * htw*, For » system undergoing 
acceleration* > life laws of motion arc slilt valid when expressed in 
the appropriate formula liacis defined in Ihe theory of general 
relativity* 

Tk rotational symmetry of apace determine* Ihe shapes or 
Forma of allowed .system*. Tlw spherical svimnelry of the gravi- 
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In! if a n rt I Held find uf the cun In mb held* which ^lill iti inverse - 
s 11 ij: iro laws f--r these forces. is rj direct eoii^jueuce of the rota¬ 
tional xy rn rue try of spar:e r The motion* of the planet s in our 
HoJar system and the shapes r>f their orbits were beautifully 
explained when Newton traced Lliis symmetry to I he spherically 
symmetric character uf I In- gravitational force. 

Wc observe utany examples nf apace symmetry in nature, 
Iti crystals and in snow flukey ninny living org* n j s m s L particularly 
micmorujiiiismsp exhibit perfect three^lmicnstunLil symmetry of 
form. The periodic table of the elements showed miutber typo 
of symmetry even before tl^ origin wns undcrstoEiJ. All the.se 
symmetric* arc now recognized as direr I crmse.jm-nre* nf the 
isoi ropier character "f the rmihindi forte between charged particles. 

1 he Mint hr uia [ icaI rt-jin-serd a 1 1 on i if I hi-sr sy ininetry li w 
takes on a symmetry of its own, with imrinsicLL.ily simple &nd 
symmetrical forum la tions. I he mathematical s^mmetrY miini- 

fesla itae-ll in I he oiordinale-free form ^if the equal huts. Either 
all coord in ate system* belonging to a certain class are physically 
equivalent, nr i he form of I lie equations is the suinc, for every 
one of I he coordinate systems in the specified class. These 
invariance properties of the e>(nations lead directly Lo tin? 
accepted ran^rvLition laws. For example, the invariant forms 
of Hie equations of i nut ion lead lo crtiisertfatiun of lim-Ftr and 
angular nminen t mm 

Wi' are further guirh-d in nur search for Symmetry by our 
growing understanding nf and experience with the quantum 
mechanics. Quantum mechanics has introduced new basic 
principles mid t been-1 lea I genera libations which have hccii 
extraordinarily sisecL^ss&il in correlating and iulcrprrling Lhe 
plieijinm-niL .if atomic physic*. The quaxtlimtion nf energy 
in discrete energy levels, 1 he- existence of quantized momentum 
states, ihe wiivclike property of material particles, und lhe 
uncertainty principle an- aspects of u quanMIMive theory which 
explains and predict* atomic phenomena with high pn-cisimi. 
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Ji summarizes in flegant mathematical language a great deal of 
our experimental evidence in \hv world nf lhe very small, (J min¬ 
ium mod)allies Iljis iJku hrnl mnjnr .^ucce^Hes in correlating Jimj 
iutefrpTf-tlng tin’ properties nF nuclei h etT j energies millions nf times 
greater than those of electrons in atomic states. These successes 
in prediction over #HC h a wide Held of phe n omen it and wide 
range of energy are fully supported by experimental confirmation 
and are evidence of the broad validity nf lIn- h&sic principle* nf 
quantum mechanics. They are nbu evidence for Hie rotational 
syiuiiiHry of spHtt\ which is the shape-giving property nf nature. 

At present, quantum mechanics is our best appro*! nui Lion to 
a theory of matter. Howeveri It is hy no irie&ns completely 
satisfactory. An impression U growing among theoretical 
scientists Unit .<mne of Lhe most basic concepts and premise* 
mijhl Ih- rlmnged in lhe sense that Einstein's Hu-ury of relativity 
changed lhe basic concepts of Newtonian rnrcttguk*. One of 
the weakness-* nf quantum mechanics is thnl it does not and 
canno! predict Lhe magnitude nf basic constants such as the 
fieri r oj l charge and electron mass from fundamental principles 
of lhe theory; these mpt he provided by experiment* Another 
weakness is in the philosophical iiilerprctiitioii uf lhe limits to 
human knowledge as-s^Ewlcd wUh (In? uncertainty principle. 

In 4 u mi turn mechanics,, energy is no l an a bat met uraep&rjiMv 
quality of matter hul is closely ELSsot-infed with the .slinj*es and 
the symmetries of atoms and nuclei r I 1 he states of lowest energy 
arc those with Llie simplest of .shapes and inherent .spin-neat 
symmetry; they shejw up lu the language of quantum nicchauk-s 
as si tuple spheriotkl harmonic; and l hey are demons I rut ion*. of 
tin- mluliotUil symmetry of space operating through the spherical 
symmetry of the coulomb field* Higher-energy Nifties ui nioms 
i it nuclei niti have radial J 3 rid .i\S:l! cmnponcnts, but they also 
have the rota I hum! symmetry of higher-order .spherical har¬ 
monics. The law of conservation of angular momentum in 
atomic systems is a eon.set [lienee of Uiis symmetry nf space. 
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SYMMETRY OF TIME 

The concept of time is daft ly ttjuqd«ted with that of space. 
An evc-ni whidi occurs at ci particular location in space and hI u 
specific rime can lie considered to he n single point in “space- 
time," The 1 “shsc'* ri-f ll]i^ point m space-time is faon ruled hy the 
uncertainly pri rieiple* 1 n visualizing the interact it^ias of part ides 
we can 11 link of paths I Enough time ll* well as paths through 
spua\ The course nf an interaction can he plotted on u graph 
of space versus time, with time sis the ordinate. Part ides 
entering or emerging from :lei inle ruction an- represented by lilies 
oil tire pint wilti slept s given by the vcliwitjui nf the parlh h-x 
A few ^pace-time plots nf typical parthde processes are illustrated 
in Fig. N. 1, A particle at rest h a vertical line* with trn arrow 




I’ i g. 12+1 PI r.i Or nf jm Hide r flit rite! ion m n n Jipttrt4 £ rJr r r mrd i ttnleft. 


P 0 * 11 ^ 1 ^ upward > positive.! wliifli represent time moving toward 
the point nf the interaction, A particle moving willi u velocity 
dii.^ tn that nf light, to the right in space, h shown by ;l nearly 
horizonLhil lire with ft .-imill positive slope: another such particle 
moving to the Iff I (ms a rminil ncgul ivc slope. Entering pariideN 
arc In the lower half of the plot with arrowhead* pointing Ioward 
IIa- point nf iidcruction; produrl particles arc in the upper half, 
pointing nway from the inlerntlmm 

In discussing I he world of the very small and very-high- 
energy particles, wc must be prepared to con filter llm inner 
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structure of Ilir evnpt represented by the point in space-tune. 
We have indicated CPistt ibis point bus n specified by the 

nil certainty principle. If we expand Lb i h pnirii on the .-5 pace- 
time pint we cun insert lines nr symbols representing nur concept 
of what actually happens in 1 he course of the interaction. For 
esNLinpJr. il h possible to conceive of the frittering of otic eke iron 
by »Tin| her electron as involving I be exchange of a photon. The 
electromagnetic field theory doc&. in fact, include terms repre¬ 
senting such a photon exchange. 

A few such expanded -point processes are i 3 !n si rated in 
Fig.. H-i, Sueh a figure is culled .1 Frtjirfitan In rerng- 



r + t -M- + t n -f Jf 4 r" ' +■ r* p + p Jl + p 

tig. 12.2 frifttmun jhnirintf pnAnrhU mnptinff incr.htmi*mjt 

1" r j itiicracltMUf. 


nil ion of It. I J FcygtiuLn'it earti liseofthbi technique to represent 
ptclorially Llie jiudhcuinticei] expressions in the held theory 
which 11e.-seribe possible or alternate mechanisms uf interaction. 
The exploded view of un interaction in a Feynman ilia gram is 
run lamed lielwr-eit twit vertices which include between them the 
"poinL" of the interaction in space-time* The iIoLh hiV^led .J 
and B im I he diagrams in Fig. are such vertices. 

An additional feature :i-hkd to llie ap&ce-riinu diagram by 
Feynman is I hr representation uf anti particles as lines with 
their arrow* tv versed. The arrowhead U EiHmilly red umlaut! 
since all part ides move forward in lime, ITe of the reversed 
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arrowhead icienliriicA the interior nr emergent par tide ns being 
an aotiparticie, while I in'- location and slope of tike lint! deserilie 
its role in the interaction. This symbolism is quite valid a* a 
representation nf the mathematics Aeean ling to fie hi theory, 
the creation of a positron in equivalent to ihe annihilation of an 
electron. The imLllienmUcul description of a positron lie Id 
propagating forward in time is the same as that of an electron 
Field propagating backward in time. U is quite consistent, 
theoretically, in think of parttdes moving backward in time rv^ 
well ns forward, 

The concept of particles moving backward in Lime tip been 
quite useful in discussing the bugnifleunre of die theoretical 
expressions used to ik scribe particle internet i ons. It also pro¬ 
vider a simple emu-rplua] picture to “explain" the existence <if 
nntipnrtidi-** III the theory of relativity there is nothing to 
prevent hark ward motion through time. The Jaws of physic* 
are all framed in such a way th:d they arc symmetrical in time 
tin d, in principle, n physical process can occur in the reversed 
d i rection as welI ns 1;1 ic h nwvard direc t ion in tiine. I f antipurt i cJes 
can be represriilerJ nmlbematicalK as particles moving backward 
in time, it makes some sense that they arc so rare in our world 
in which time flows forward. 

The evidence that time flows forward in our world comes 
only from our human faculties^ wt have n memory of time past, 
and our only experience i.- with lime lbat iow> forward. How¬ 
ever, it is entirety vort-dMent to Conceive that time is syinmelrical, 
for purposes uf I lie theoretical study <<f particle interactions. 
Symmetry uf lime is an inherent property nf mir present theories, 
and 13ii u*\- of this feature of the theory Ims cesulled in etni- 
sisiciii descriptions nf pari He ini'Tactions arid predictions which 
can b[' verified experitnentally. There is no valid evidence 
(except our human senses) that time flows only one way. In 
the absence of such evidence the theorists in I In- part icle physics 
field assume that there is n basic symmetry of I hue UMua-ialcd 
with the symmetry of space r 
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SYMMETRY OF SPIN PEKM1 TATJO* 

Quantum nteehtinics in traduced another syimnt'iry* that of i lie 
permutation or exchange of one particle whh huoIIkt Lri the 
electrons occupying energy Mutes, The Pauli exelusion prin¬ 
ciple requires thul a quantum Mate be untiaym metric with 
re*peel to such exchange, Two tfleelrnn* can occupy ci ?siffgle 
Mate only if their iidrin^ic spins are opposed, but iml if they are 
para]] id, Since only two electrons can occupy the lowest state* 
«filters are forced into higher-energy Mates with different shapes. 
When combined with Uw |irrapurlira coming from Llic spin-rival 
syiniiirtry of the cmdumh field, I his nymmrtrrf of jimuutatitm 
leads to llie known shell structure of nlnnis* the energy-level 
structure id the quantum Mules, and I lie grouping of energy 
level? into multiple^. 

The symmetries of space ami of permutation also apply to 
the shaped and structure of energy states in I he nucleus* with 
the ■sailic roll sequences uf shell structure and groupings id states 
in In muliiph-t.s, Protons and neii I rons arc also fermionx with 
spin } 3 i the Pauli exclusion principle applies :l* for electrons. 
Only two pro In ns will] an tiayin metrics spins can occupy the 
I owcM-energy State in a nucleus and others fall into li gher 
*U1.es; the same is true for the first two neutrons, This group 
of four nucleons fills tin- lowetd-cnergy level and forms a dosed 
shell with spherically symmetric wave functions and diaper 
The exceptional stability of the Ilf 4 nucleus, which is observed 
h.h |he ft particle in radioactive decays is conceived to 1w? a 
direct consequence of these two basic symmetries* In heavier 
nuclei Liu? additional nucleons enter higher-energy elates with 
larger values of orbital angular im maud urn in which Ike basic 
spherical symmetry is Mill maintained: this leads to the observed 
shell structure of nuclei. 

These symmetric? of space and of perinuInfirm determine 
the general shapes of atomic and nuclear states and their group- 
mgs intu energy levels. They do not* by tUero^tdvea, determine 
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lh[. b energies nf these states nr the magnitudes or extents of the 
wave Functions. \fagni hides an- determined by the .strength 
fl-nil lift I nre of the force si acting on the purticlw, Ju atomic 
systems Lhi* is I lie clectroinugmlje or cnulumh fnrev: the fom 1 
const :l n I cc ] n icn from the **xpi ri men tally olisiTVtil forces feet ween 
cleelHe charge^ ill rest :iiart in molinn. In nuclear physic* the 
force is the strung midcar forte; llic strength is determined by 
the observed nuelcnr propertied such as the si ms and binding 
energies of nuclei. 

The EHinu-rk-Al magnitude nf L he force const ant depemh on 
the eln.iicc uf units. In I lie eg:-, system of units the iMechanical 
units of ina^s, knglh, mid tune are the fund amen lul quantities, 
and all Ollier units (including charge! urc expressed dimension nib 
in terms of these fundamental units. In the rattitttilUftfd inks 
system of electromagnetic units, charge becomes a fourth funda* 
mental jimnhLy, mid the preportiurndby constant in < Vuikiiilh'fl 
bw is expressed in I brae four unitit, KxpcriiriHitsd oWrval ions 
determine the iniLgnihiih of the force constant. 

In siLoinie physics, observation* of the magnitude of llic 
energy changes anil of tin- dynamics uf iiileraclicjrj* pm vide the 
evidence which determines the energy values of the atomic 
-states. >o theory has yd been able lo predict these quanli- 
tativc properties of at u nth from the bade synitudrte.s. They 
emi he derived From I lie experimentally observed proper lio uf 
tin- component pEtrlielcy such u* their mass, spin, charge, mid 
inngncLie moments. The force constants for nuclear iiLlcm.tioos 
also cosue from observe Lmnn of rise magnitudes uf the mlrruclloits* 
The energies involved in nuclear processes arc mi! calculable 
from any theory, from I he intrinsic properties of the known par¬ 
ticles, nr fmui any of the ciaisequcm^s of the 1ia.de ayuitiieirks- 

svMMrrm mi c:i#viu,K i-1:n mi i vim> 

Far tick physics lms added another symmetry of piTimiljitiuTU 
Urn! uf the charge .stale-: of partidrn Uivulv-rJ in Ihr strung 
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nucli-ur interactions, which is culled holapic-itpiti sym fRetry. 
Tim evidence rume* from the ir4jul^ 1 fl!i= of nuclear forces Im 1 - 

iiivf'iii these purl h ies, rcganllr$s iif 1 licit- charge. Thi- fir*r 
example of lid* equivalence wii* in l lit 1 evpcrdnenUi] evidence 
1 hii E tli* nunleur force between p-p+ pn*jmd a-a pairs is the same, 
wlirn crnrerlei[ for I In- enuhimb force du? to tin 1 charge nf the 
proton. 

This charge- kidcjwndoiJce nf nuclear forces indicate 1 * u basic 
symmetry which touche tu the cxiste-ncr of two charge static of 
I In' nucleon 11 i> unulij^miH I" I In 1 .qtin-pi-rriiiiluLimi symmetry 
which idlow.s two spin states of ± .i for rleciron* in atomic states 
or for protons ami neutrons- in nuclear skills. This tuudi 
|ed In I hr turn it- i*n topic spin tu deserihi the number i .f i I large 
states nod l" 11m parallelism in Hie use iff LiiHlIu-nuttiral syinhohi 
ami in I heorc I iold calculations The iMffupic-spin symmetry priu- 
eipie descries an invaririnre with regard in rotation nf n symbol k- 
vector representing clmri^ in a frame 'if pefmnti 1 fcharge space) 
which distinguishes the charge states. Since there fire two 
charge states for the nucleon, tin- sector cun have two nrim- 
kiLhiiiNt for positive iipd fri>r zero charge. 

With I In- discovery of I lie new uci-l :i blr puflielri + isotopic 
syinioi'lry hns brought into particle physics a. multiple! strin-ltirr 
of charge similar to the multiple! energy levels which 

^jUJi-permIII:tlinut sy] llJ iictry brooghl into .tlOitilr and nuclear 
physic* These multiple!* ennlum parhch- n 1 f-* of different 
charge which can hr etm.sideral an nulislules of the same system. 
The application nf ihi> new sVEmui-try pririciph in particle 
physic* i-ven broader I hail ils prototype in ntolibe ntul lUieJeur 
physio lids complexity in I he rnulliplirily of purfide slates 
is discissu'd in ^ Imp, 8, where it is shown to lead to states with 
l, ih mill 4 charge miImIiiIcs, distinguished hy their isotupie- 
spdj t|ijati turn nu uiIh-th. The unit pie feature "F isotopic sym¬ 
metry mm paired with Lhe ■it.her symmetry pnnrqiio described 
above is t h li 1 it applies paly \*> I lie particles involved! in strong 
31L] cl cur L La 1 1-rai ■ t IQ n_S 
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TCP INVARIANCE 

in tin 1 sl-ilti'-Ii fur a bmudiT unity sin long the nyii i r nr tries and 
lb variance principles which apply to the particle World, theorists 
have- proposed a imk inclusive principle culled TCP invariant. 
The letters itamJ fur three hypothetical processes: T represents 
time revr'tmli the operaliuij of reversing fiiarilliemiitieutly} the 
ilireetjon uf flow of time; (' \t- ckat$f ^nujjtgotionj the technical 
ter in for intcrrh^tigibg p articles and an tip articles in C he Iheo- 
relicaj expressions: P is parity reversal which irivp tires space 
reversal or. loosely, taking [lit- mirror image of the process. 
The IC 1 B invariance theorem l< essentially a conservation prim 
c *p! |b rl v vty broad type, which says Unit if these three malhe- 
luulirnl operation* are performed mi the theoretical fannnliittou* 
of any physical process,, the result is another physical process 
which is also allowed, The justification for llie belief that this 
invariance theorem is valid goes far beyond the scope of Hits 
s u r vey. lb Ov ever, i t U i 11 vul ved i n u m ny of the jl ms I ha sic e \ \ hl 1 ri - 
merits mi parties at the present lime; in the reports of some 
rerenl evpcrimcriN reference to the TCP symbolism has even 
appeared in I he public press. 

The breakdown of purity conservation in the weak inter¬ 
act ion h. ili.scus.snl in <"hap, 7 r required it reevaluation of the TIT 
invariance principle. If parity is not conserved in an inter- 
uetioiL. I( P invariance can hold only if uindhcr one of the 
npvrui Soils is riiruultaneoii>ly ii'H conserved. The theorist^ 
answer is that I lie CP cu rnhiuation is still invariant and that 
charge conjugation must also be violated in weak interactions in 
which purity is not conserved, This requires that time reversal 
invariance be an absolute l.tw. For the strong nuclear and 
vlwtromiLgm.'lie interactions, C invariance and P invade* fire arc 
.still In?licved to tw ueparatcly valid, Tiial for the weak inter- 
uclions only the eonihination <.T invariance holds. 

There is some experimental justification for this cmiHndou. 
For example N consider the decay uf the * + plon 

x+ —* G^)l + (pJl 


1 1SJ) 
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where the subscripts / LtidlfaEr 1 luit both products lire U*f1 - 
handed* hs discussed in Chap. 7 . If we perforin the rliftrge- 
conjugal inn operation < on tins prunes#, Mir HTecl is La change 
particle*' -tn-1 anti particles which rait lv represented hy 

it- -I* Oi“)i, + (X#J) 

ThI n pmcesa is mil possible, since the hdirity !> wrung for both 
prudurl.s -.1,1 i'bikTp»e-enu]ngJit inn 'invariance U violated. IF we 
perform I lie pari t d v operation I* separately llte effect is to reverse 
I lie spiii* ■ «r l«p convert /, tu H (right-handed) in V.t\. ( kMI. We 

g«t 

** -* + Wj* (tS.3) 

This process \s slIsm not posMble, since lie licit 3' is again wrong for 
hnlh products: parity ciinm-mMion is violated, (Fnuevcr. if 
we perform the V And I 1 processes sinudtLmemidy, we have 

—* {g~)ji + Q, (X#4) 

This operation results in products with the correct heliritic* and 
is an allowed and observed process; su t T iti vjirui.net! is conserved. 

Confidence in the validity of U in v-re verbal. irivurijtiiei- comes 
h«rgd> fruLii Mir observed ^vmmetric'i in the utaMici milked 

formula. Linns i if I hr general I henry of parti cl i interact ions. IF 

L‘x|KTiinioiid j>bs^rvatinn> were den mo strafe el violation "f 
I bis principle, it would present a major chtdlciige to some of the 
most fnndmiLLiJUd u-Spccta uf modern theory. One experimental 
a p proa cl l is I in search fur n. puss i hie asymmetry in the pwrtkto- 
anti [air tick- balance. which would la- n violation uf eharge- 
conjugal ion invjirirtium in an inter Act ion in which parity is 
conserved. This could he interpreted aa nleaning that linn— 
rever^ji I in viiriimce is ako tadiig viola ted. One type of experi¬ 
ment to search Fur ftsymi me try in the energies uf the r - and jt 
pious emitted ill the decay of the meson state 



+ IT” + tr* 
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If the average energies of the two dmrged pious urc different, 
it would indkule tin asymmetry in I he particle-anti pa rliclv 
balunec, Expijririieiils performed in different (a boralories on 
Ihirt reaction have given contradictory rratilU, \\ time of writ* 
in^, there is still no ^i>lid e vide tine that T invariance is bring 
violated,. 

3If(3) ^Nll 5lf(6) SYMMETRIES 

In quantum mechanics the theory of groups plays a more 
important role than in dasSLCitl theories because the slale.s i>f u 
qmin turn-mechanical syslnn f4iriu a linear MisLcjif^ ■]•! - ths! is. one 
eati select ti. set of sEi-cidlcd basic b loins such that every other 
conceivable state of the system can be written a- a linear r-pm- 
hiimLmn of ttiiw basic slal'-s. This is not possible in rhnssitjal 
1 henries. The si ales of a quantum-mechanical system are 
defined by I he symmetries. For example* all I lie quantum 
numbers his d quatil nan states of mot ion > if an isolated system are 
detenu itna I by Uie group-theory representation* of the *yn Hue try 
nf \ For iiitmuting systems, I lie group it presentation 
provides a form illation useful in exploiting the symmetry prop¬ 
erties nf j:i basic? principle which is too complicated to be ^us- 
ccpLiblc to an exact solution. 

Wv probably do not yet know id! of the cfiftsfiiuenis and 
interaetioiis M particle physics,, hill we do observe mull iplrl - 
of particle states wliieli apparently belong In symmetry groups 
tirmip theory vmi lie used to esprit* the symmetry principle 
involved and may provide information on the missing members 
of a multiple! or on new systems of multi piets. 

S pecifi! uni [tint grmp based on two fuinhitiiimlul 

stjjr. s [known by ! 1m- symbol SI h£i| leads to tin- prodiclii'N of .l 
multiple! structure in the spectrum uf -ubslntes, HI ( 2 \ theory 
for a system of two iiudemis leads to the pmlmi-neutron i*ntrjpir 
■sphi doublet [I i,l atisI also gives rise in singlets, and ir-iplets 
wilh / ™ It and / = 1. (in nip theory based oat three nucleons 
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] SIT (ft)] giv^-a rise U> doublet h \f = J) n m | igmirlefft |7 = J>| etr. 

A s|iceijd application of SIT(ft) IhrOry* which Wjjn developed 
hy M tidl-Miirra ahd V. Xccnmn, and which has had f.-im- 
gidcmriilr hiucobs ill recent years* is based on three fundamental 
sinii'Si fiif the strongly interacting particles, These states 
c=iiunr nI lie identified with Lin- known nueleomi or other purl idea* 
but their properties arc inferred from the ediM-rml miudier and 
characteristics uf IIm- known particle whiles, In the ipcc-truro 
of b.tr\ 'in-; im d buryon states known in ELifi-K there were isotopic- 
"pm singlets* doublets, triplets, Lincl qunr1i j t.> H which formed a 
pattern similar to Mint winch would l*r evpected fr. a trichot¬ 

omy of three I in sic Mules. By working backward from this 
(imnmiplMr) evidence* it was possible In infer the properties of 
I In 1 Hirer states, which were given the name q im rk* , When 
the STfiS'i expressions were "nfiriiuiliariE" 1 by using the properties 
tif the known particle stales and solved# (hey pn-diclcrl annliter 
iis ycl unobserved singlet .state willi a mass higher I him any -nr 
the existing stales, a -spin of jj, and n negative charge. The U~ 
(as il was culled I was Searched for experimentally and promptly 
found wit!i a mass essentially equal ti► the predieted muss. 

This inifiul success of I hi- HP (ft; theory increased eonfidenee 
that E In- eorfehtlinus were meaningful. These eomdwtiftU* 
i<lentitled pari i des and pnrliclc stales with the reprtsentnlinn> 
of components of the SI (ft ! theory, iJlo.vtriitrd in Fig, 17.IS, 
Here the hmde ffcNW of stales is identified with the nucleon, the 
Z-paNirle triplet, the V particle, :im] the S-jmiiicle doublet. 
The eight stales form a fvyrnmetrical (und cimiplele) pal U rn when 
plot i ri I against the variables i i dsn topic spin) anil & (stni rigrmvc i, 
These same elghl states id.so form a pattern nf ground h tales in 
the sped mm of haryiin slates given in Pig. lU.ft and are enclosed 
in a dotLcvl ovaJ to identify this ra-lct of Mates associated in the 
SI'(ft) theory. 

The SU(ft) theory predicts the existence of another group 
i>f III excited states in the barynn 'pentruin fa deruplet), also 
illustrated in Pig lS,ft P is sing tin 1 variables h and N. Tld> 
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Kip. I2.JI finttijt tkenrif BU{3} rt*prmenlatitm of harynrtJt tnwi haryfrn 
re/tunancFM, 


drcuplvt predicted t he existence of I In- A pur l He before it w-ba 
discovered. These 10 h title a arc also enclosed hy n dotted line 
in ilic spectrum <jf luirvoii states given, in Fig. ln.iL 

. V fa" 11 in r application of flyiunudry is in I hi- Hpeetrum 

of iiM.-.Hcin states. Here the theory predicts n hsunc octal of states 
i+Tiri unutlier octet of rxcited sUtas. Mb nf which are illustrated 
in I'lg, l£. h when plotted a pm rid l lie variables /j and N. These 
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[sr<fl)l givojM riw In tlrmM.'U (/ = }) :m<l 4 |iiji rl t-t ^ if = £ 1 , Hr. 

A spctifiI ft}i|iiicrtlicit* nf .SI (H) theory, which was ilcvelopeti 
hy M. (Tt'IUMujin and Y. NVVnuin, anti which has had ctln- 
jiidi-rjihh 1 ‘uictrcny in recent years, is based on three fiuidameubd 
itutes of Llie strongly' interacting particles. These states 
cannot lie identified with the known nucleons or other particles, 
hut their prupeHi^ tire- ioferml from the observed number ami 
eJiiiTActirktics of the known particle states In the sped rum 
of hary^llfi and baryrni stales known in lWfi4, there were isolopie- 
spin singlels* doublets, triplets, anil quartets, which funned n 
I Hitler 11 similar to that which would lie ejqieetcd from a trichot¬ 
omy of three Uu.de stales. By working backward from I Ki ^ 
finnemplele} evidence I it was possible to infer the properties of 
the 11 lire states, which were given I he name quark** When 
the Ht'ftfl expression a were “narmalixi-il 11 hy using I lie properties 
of (lie known partiele slates ;imj salved. they predicted another 
sis yet unobserved si rigid spile with n 1 miss higher Mum un> "f 
I he existing states a spin of J, and a negative charge. The Q~ 
fas it was called) was searched for experimentally and promptly 
found with a mass essentially equal to the predicted nmsH, 

This initial saicwas of (he SF(3i theory increased confidence 
I lid i I lie correlations wen meaningful These eorre hit Uhls 
I dentified particles and particle states with the representation* 
of components of the ill (ill theory, illustrated in Kig. It,:*. 
Here the basic nctrf of stule.s is ideal illcd with the nucleon* the 
3-prirlide- IripleU the .V particle. and lie Z-pjirlide doublet. 
The eighl slater form a symmetrical (and complete'' putU'iii when 
plotted nguinsl the variables /: I isotopicspin) and $ (.stfaugeUeKH). 
These name eight states uiso form u pattern of ground stales in 
the spi-etruni of bury on .slate* give a in Fig. ttUl anil art 1 enclosed 
in a dotted ox’nl Ui identify ihU octet of .stah-s asocial ed in the 
STldJl:i theory. 

The SI i.tl theory- predicts Mu existence of a an liner group 
of 10 rsoiled stairs in the haryou spectrum (a dec n pie 1 , al.su 
illu.si ruled in Fig. H.d, using the variable.* /i and S, This 
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dmiplet predicted t he existence nf I he U puri icb before i t was 
dicovered. These 10 states arc ailsirn enclosed by 11 dotted line 
in I lie spectrum tif lisiryrm whites given in Fig. Kl'L 

Ai3" 11 ifr application of ayiumrdry i.s to the Hprctruin 

of ine‘inn -dates. Here t.hc llinir.v predicts n btufic octet nf states 
ami another octet qf i xeiLi-d stale*. both nf which are illustrated 
in Fig. 1£-4 S when plotted sign ins! lhe variables h and N. Thfc-SL- 
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same groups are also enclosed in dolled oviit- in. Fig, 113.1. Lnkfii 
from Wms.^kopfs. paper. 

This success nf the 8l r {!l) theory in correlating llie ‘known 
ysiirl irlt-s hi id states is si strong indication I Imt I lie synimcl ry 
ii-f gTOii |wh ha* .some bade validity and dgni hen tire. This system 
of sy mine tries 3?+ some I hues referred to hs the “eight fold way" 
because it involves the operation of eight quantum numbers nfld 
result* in groups nT subsides which arc octets The term eight¬ 
fold w;iy b a souiewhnl farfetched reference lo :m aphorism 
attributed to Buddlnu 

The significance of the Him' fnruhiim-ntal states rnl'ed 
quarks which form Mlc Sr{ii) Mtuup is liy no mentis clear, Their 
properties are Inisvd on the properties of Lhe particle sintes 
whirli they presumably form, Kueb hurymi substate is con- 
oi ivnl lIs ?i ■■omhinal ion of three quarks. nr partsi of ihrec 
quarks arc needed to constitute a bury on. A i|uurk-nnsh|ii:trk 
pair i* needed lo form a rm\*oru The electric charge nn lhe 
quark is eilher \ q nr | tj, Two nf I hr quarks must have / - -i 
and iS = U and the tiiird / 0 and S - L If quarks exist* 

lliry are more massive tliaji hnryons, When three quarks 
emu bine lo form mi observable bury on, excess energy must 
he releasei h ycl l here is nu physical evidence of ihLs energy, 
Whelher quarks are real or virtual is unknown:; whether their 
masses, and lifetimes am- within the range available for study 
with existing amderainr energies is also tiol known. Several 
litborjiluries have searched for quarks wilt no success. The 
term quark conics from no indented word in Joyce’* Finnegan's 
Wake, 11 

Tin 1 evidence of two sola of particle states obeying 1 hi- SI 'VA\ 
symmetry in tin? baryon ami in the meson spectra suggests lhal 
a wider symmetry mighl well be ill effect. If instead of three 
basic suites Lhe re are six, u broader symmetry principle based on 
Sl'(li) grim | j theory might “explain” both spec Inn. ThU concept 
lots been exploited with mi me initial success, The approach U 
tu consider Llie ipiijrk.s as having spirt .1 and in include a .svcoml 
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Hi'J with spin — L Quark-cmIirpmrk multiple I s should tmzl 
willi total spirts II find I. x+jii t I her system nF three quarks eoitld 
have total spina of either i or S, This liter state iirerficfcs 
the tenfold group fdccuplet) of resonance^ in the Isiiryon spee- 
iruoi, Another inter eating re.sLdi i- line \ art -1 .ticl tors of the mag¬ 
netic moments of the ululates: for the hrsf linn- there is u 
I heon ■ f icftI has is for 11ic ra I io ij. I n■ I wwii 1 he magnel u r iran n nen t s 
observed fur tin- proton ami the neutron 

The use of the symmetry of group* hm l«n quite nuce^siful 
in correlating and ordering the great variety of particle whites. 
I lie implication that these nimiy pnJriide sULpn represent a 
type nt "fine s true lore" requiring from t In hi.lcmdal ionships 
lie tween entities of very inucb higher energy fund imWi than 
rmy with which we are so far fnmiliar. The particle Slates we 
now observe with i'niL.ss energies nf the order of a few hi II ion 
pier: Iron V11J t.s may he i mb I he low-energy -separations uf ^n\t- 
atules of entities involving energies of H) to Inn limes greulvr. 
As Weisskopf remarks. “We saw n peak tmd though I it iva.i the 
top of the mutuilain: when we dirsdjed ii we founil ourad\T§ 
facing Hie retd hip shrouded in drtrk cloud*." 

T E NT ATI V K iilVrf rsims 

We ran return to the question mimed in I lie early chapters What 
are the idcTiienLnry fiurHok | s. J In one illetharmry definition of 
the word thjnent the first meaning is: “Mne nf 1 Iji simple suh- 
slruices or principles furmcrlfj believed In compose the physical 
uni verse.’ flv itnlicm- I lie significant ward. Mnce it is obvious 
Mm I our concepts nf what is eteinenlji ry have undergone a eon- 
timimj* seqncrur of change. We rm longer eomsiiler tin- SM{ 
i-llelll ieal elr'incuts II s eleinelllafy full ns well-defbir • j iLssembtugcs 
of components which regenerate ihemsdvcs under suitnhtc 
emuJiMons to ttie same basic shapes, bused on the inherent 
symmetries of rut lure. Ko'ii I he simplest ««f a\ mas: are now 
considered to be composites of more fumhimenlul particles. 
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Now solenlisl-s have raised 1 lit 1 quotum in a deeper sense: 
Whal are ihe components of the elementary particles? They 
Mud growing evidence for a wide varietv nf fi*rms i ti which rhet-gv 
cun liuuporimly condense, winch differ Imm raHi other in w 
jiysUniiatie way depending mi their individual i|Unntmii numbers, 
ursd whirl i rrtiii be uxmiped in Id a limited number ^ if fit ti lilies «rr 
types The most significant result is 1 Iljj t the sjjli iljtri L Les are 
more iiitpnuttivr lliau ihe differences hr tween the individual 
particle states. The permanently itahk particles (pfelon and 
electron) Imve only a minor form cjf nnhiueness In distinguish 

I Item flmsii Site n l h i‘l 1 ^; LhrV ejali be ES>lk^iii*m| tie- ground staira 
of I heir psfrlicular families, but ran runny others listed lm Hue 
tabula linn. 

Lei \is approaeli the eonsv] it of 'c he-li tstrs ,-" 1 from the other 

side by I'hmimiE Lolt_ Seam.' nf the enlilies which We have Half (I 
as par I ie Le.s neve r a ppen r as ten tsi 1 1 u eiJ Is it[ i a ud i -i 4 «r olIie r 
particles hut arc radiated or absorbed in Irandtions Iwtween 
Ml.ilen "f different energy ulid villi oilier different propcrlie*. 
The phnlon is the quantum of the electnmiegmelic flu-lrl and never 
appears as a voiutthueiil of alums or nuclei. Once radiated, 
Lhe pli.ut.nn is prommal dy stable until d ^trikes another atom or 
nucleus in which its energy cun lie absorbed. 

\nil rliitis a re also not euJijyliLueiil s of mailer, bu t are rndL 
Hied (along with nlher leptons) in n variety of ilee^ciLul ion 
Iran.d lions nf nucleonic »r particle states. In principle, the 
emission i«f n lepton pair including u neutrino is similar to the 
emission uf a photon in I hat U tarries away I he surplus energy of 
un excited state as it traii-dorms to ll state oflower energy atid in 
i In- i provide :t ineelutjiisui for changing nue or more of 
llie piiiiTiUim numbers. In this sense, neutrinos may nr.it Ih 1 
element airy partleh-M 1 m 1 1 rather radiations emit led • > ■ main Lain 
conservation principles. 

Mesons til so till the role of radiations in process m which 
u sElite nf higher energy transforms into cue- of lower energy' 
with ililhreut tpinnturii iiundwrrt. They 1111 llits role in the 
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Klrtmg nuclear interactions between the states in the harvon 
spectrum (I'ii'. 10.3) and in the meson spectrum (Fig. 10.4), 

<)m- signifiemil difference from ..os is that mesons nre known 

to occur iu moltipjt-meson dales such «.•- the p, w, and v *•«,. 
mi lines mid an* emitted ns radiations in such multiple-meson 
sink**. Another obvious different from photons or neutrinos 
1S ll,e '* faite and rather iurge rest muss. Neverlheless, the 
similarity between the deexeila[ion of iHninie state* by emission 
of pholoui am) [hut of particle aUtoi by .■minimi of mesons 
indicates soil in basic sjmiljiriLy in the Lwo mechanisms. The 
mnsDti must, in some fimdniiiruUl way. be simihir to the photon. 
I In* strongest evidence for |||]$ similarity is the fuel that they 
are both bosons und obey the Hcsc-Ernstcm sUli sties. 

Ai present, a prmursine tlniireticul niiproiLcIi i* in conceive 
iiotli the photon am) the meson us ipmrtlu of fields. The photon 
which is the 11mi11 1 him nf |he rki'tnunjignctit' field originates in 
Lhe electric charge. It is believed I hat the active principle of 
ihv nuclear forte is a mesouic field. Xu clear particles art eon- 
teiii il :i h. tiiiiJiiiiKui.-ly mdiatin^ ami reabsorbing mesons so t.hul 
at a]] times a meson field surrounds the particle. Tile extremely 
sfmrt range i>f the nuclear force is due in I hr large rest mass of 
the meson, which tan In 1 considered aitulhcr nspec I of the uneer- 
tainty principle «rf c|u»nturn lEirchnnipR. 

lalcrLnjniagiitlic' inlpnu-l ion* fan br expressed theoretically 
in U.-niis representing thi- iKcliiing^ nf photon* lwlween Hn Eric 
f:hurges and can he illustrated graphically by pholnn symbols 
U'lwecn the vertices of u Feynman diagram. Strong nuclear 
interact too* CLIN hv rcprvM^nbcd hy I lie exchange of m^ofu 
imelni r pnrt.ic■]t-^i .i■ i>) UloMratcd by syhiUmI* representing 
U,J "'sHuirigi' of (virtual I mesons In a Fcvnimm diagnun. The 
concept nf a Hell) Em represent nn iiHurticikm \\u s rien 1 k?<-il 
extended to the weak interaction in which Lb. Hgviicy of thin 
weak fr.ira> is presimmcl Em be n m'tw btutott of unknown uuv^ or 
ollu-r proper lie* but which ran in* rcprm-tlUrd ^ypibcdlndly no n 


Baric Symmetric* of Nature 


Fcyniuan diagram. The similarity of approach is due Id these 
nudrur theories taing hmird strongly on analogy with the dw‘tm- 
magnetic Held theory. 

This survey is not the place to present the many alternative 
theoretical approaches to the problem of nuclear forces. TIh j m- 
theoretical studied have developed iti step* paralleling the growing 
evidence from experiments, hut ji general theory wliicrli includes 
the full complexity of particle stales and their interactions has 
not yet been achieved. At present the approach is still pile- 
smiJutLologica! through ettjMrimental studios of the properties 
of pari ides and observation* of their interactions. We are not 
working from a theory but to n theory. Decent l lieu ret ical 
advances, tinned on Mir gc hit alisuitions passible from fundrt' 
mcnUI symmetry ^moderations,. have lm>i el niensurv of success. 
There is some hope that much of the evidence is now iti hand and 
that the vague out tines of a general theory are appearing. 

Returning l.o the- question of elementary particle*? Of the 
ittfl or more purlicle slates or radiations, the most significant 
aspect is the ph£t tti?rri. of similarities they display, a I least fur the 
slrongly i»'i eroding par tide*. Moth haryons and mesons can 
be produced in several families of incited states, differing in 
their basic properties which ore represen led by the different 
quantum numbers. Each family has a lowest or ground state, 
but i ■ ve fi iliesi- ground stairs are not permanently stable (with 
the exception j«F the nucleon doublet). Orlditlly the incited 
stales fir resonances are nol elementary. The prescul analyses 
and l al hi la l ions .-uggesi .six bur yon ground states and four meson 
ground states, with :di but one in each category being charge 
mull i pic Ls. These art 1 all essentially equivalent with the 
exception nf the one permanently stable state * l lie prolan. With¬ 
out losing Ism face I ions we r?m paraphrase Orwell: "All particles 
Eire equally elementary, but the proton is more rMncnlary than 
the others/* 
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The pattern represented by tin* lepton states is not nearly 
m "bvinus. There is no theoretical understanding why muons 
csisl; in all respects hilt their heavier mass they an- similar tn 
electrons, The significance of tin- [mttern of four neutrinos 
with their different fproperties is also unknown. PosMblj tin- 
concept mentioned above that leplrm.s nrc primarily radiations 
emitted to maintain con.serum lion principle* may lend to » fitter 
under* himfing of ii'ptuiLi and llieir rule in tile weak nuclear 
force. 

Particle physics is the study of these phenomena. The 
fluid is a complete anti basic theory uf nuclear forces and p„rlick> 
Interactions. A great ikl is known nl.aml l lie farts and the 
experimental ub«r Vat ions. The need fur un inclusive theory 
is clear, and the lime may lie approaching when the basic prin- 
riploa id such a theory may In- possible. However, some scien- 
ti*ls feel I Ktr 1 this theory may require a new fundamental stnir- 
ttiri' of mathematics beyond tiny available at present, with an 
approach as radical anil different «.h the step between classical 

physics and the quantum mechanic* Whether the hinny.. 

can conceive and formuhile I his new mathematics is a question 
fur the future. iVosihU some furl her major experimental 
discoveries are needed In point the way. 
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